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Abstract
Renewable sources of energy are becoming a more preferred energy source as the
environmental impact of non-renewable fossil fuels becomes apparent. Lithium-ion batteries
have been an attractive option for portable reliable energy sources as they possess high energy
density, reliability and show little self-discharge. Most lithium-ion batteries utilise an
extremely toxic electrolyte composed of a mixture of organic compounds. Aqueous batteries
have been a promising research topic in recent times, as they can provide energy storage
without the dangerous environmental and health impacts of traditional lithium-ion batteries.
A well-studied cathode material suitable in aqueous electrolytes is LiMn2O4. This paper aims
to examine the electrochemical effects of nickel and cobalt doping in LiMn2O4 and the effect
of synthesis temperature on the crystal structure. To accomplish this, LiMn2O4, LiMn1.8 Co0.2O4
and LiNi0.2Mn1.8 O4 were synthesised using a sol-gel method. Each sample was calcined at 750,
850 and 950 °C before being examined by XRD analysis, cyclic voltammetry scan and a
charge-discharge test.
The results of this study show the calcination temperature has a large impact on the structure
and electrochemical performance of the battery. There was no clear trend in reversibility with
the LiMn2O4, however, Li Co0.2Mn1.8O4 demonstrated increased reversibility with increasing
calcination temperature, and in general, showed superior reversibility compared to LiMn2O4.
Introduction of nickel showed no significant change in reversibility compared to the undoped
version, however reversibility of LiMn1.8 Ni0.2O4 decreased with increased calcination
temperature.
The discharge capacity test showed 750 °C to be the optimal temperature for synthesis of
LiMn2O4 and LiCo0.2Mn1.8O4 whilst 950 °C was the best performing nickel doped variant.
Overall, an introduction of cobalt was observed to increase discharge capacity by 5.0 % (0.589
mAh compared to 0.560 mAh), whilst nickel reduced discharge performance by 2.8 % (0.544
mAh vs 0.590 mAh).
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1. Introduction
As world energy consumption and environmental awareness continue to grow, research into
harnessing more renewable energy sources is expanding (Liu et al., 2016). Due to fluctuation
in renewable energy production, efficient storage systems play an important role in the
integration of renewable energy into a mainstream source of energy. The demand for portable
energy storage systems will see an increase as renewable energy becomes implemented more
widely.
Lithium-ion batteries (LIBs) are an attractive option for portable reliable energy sources,
possessing high energy density, reliability, with little self-discharge. Current lithium-ion
battery cathodes predominately utilize a layered LiCoO2 structure and highly toxic mixture of
organic electrolytes, presenting safety and environmental concerns. Potential points of growth
within the lithium-ion battery industry include the use of aqueous electrolytes, which are far
less hazardous than traditional organic electrolytes. With increasing social interest in lithiumion batteries, implementation of a more environmentally friendly battery which harnesses
aqueous-based electrolyte would increase user safety, and reduce the overall environmental
impact.
Lithium manganese oxide of the spinel form (LiMn2O4) has been largely studied for use in
organic-based electrolytes, however, has also shown promising results in aqueous based
electrolytes (Manjunatha et al., 2011; Zhu et al., 2016). Following improvements made to
layered cathode materials used in organic-based electrolytes through nickel and cobalt doping
(Myung et al., 2005), this project will aim to assess the effect of nickel and cobalt doping on
the lithium manganese oxide material for use in aqueous lithium-ion batteries. To do so,
LiMn2O4, LiMn1.8Co0.2O4 and LiMn1.8Ni0.2O4 will be synthesised and assessed during this
project.

1.1. Aims and Objectives
The overall aim of this project is to discover a lithium based cathode material capable of
outperforming LiMn2O4 in terms of electrochemical performance within an aqueous
electrolyte. This can be achieved through the following aims outlined below.
 Synthesise

LiMn2O4,

LiMn1.8Co0.2O4

and

LiMn1.8Ni0.2O4

 Assess the effect of calcination temperature, nickel and cobalt addition on
electrochemical behaviour using cyclic voltammetry and charge-discharge tests

2. Literature Review
2.1. History of Lithium-Ion Batteries
The first electrochemical cell was produced by Alessandro Volta, in 1800, a series of
alternating copper and zinc discs, separated by a cloth soaked in electrolyte. French scientist
Gaston Plante invented the lead-acid battery, marking a monumental discovery being the first
rechargeable battery (Scrosati, 2011). As energy demands increased, a greater energy density
was required, driving research into lithium as an electrode material. Due to its electrochemical
equivalent, lithium has the greatest theoretical capacity of any metal, outperforming zinc 3860
Ah kg-1 to 820 Ah kg-1.
The 1970s brought a surge in consumer electronics, further pushing research into lithium-based
batteries (Scrosati, 2011). The first rechargeable lithium-ion battery comprised of a TiS2
cathode and LiAl anode and was marketed by Exxon in the mid-1970s (Whittingham, 2014).
A monumental discovery significantly enhancing lithium-based batteries was that of
intercalation materials by Rachid Yazami et al (1986). They identified intercalation materials
allowing the insertion and removal of lithium ions into a host material without serious structural
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deformation. This was done through electrochemical systems harnessing a graphite based
cathode, organic electrolyte and lithium anode.
Through later work conducted by Goodenough (1989), transition metal oxides having the
formula LixMO2 (M= Co, Mn or Ni) were recognized as a suitable cathode material. This
research resulted in Sony marketing the first commercially successful lithium-ion batteries,
using C6Li anode and LiCoO2 cathode in 1991 (Whittingham, 2014). This lead to more energy
dense batteries compared to alternative technologies such as lead acid, nickel cadmium, nickel
metal hydride, sodium sulfur and sodium nickel chloride, as demonstrated in Table 1.
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Table 1: Comparison of a lithium cobalt based battery to alternatives (Warner, 2015)
Nickel

Sodium

Lithium

Lead

Nickel

Metal

Nickel

Sodium

Cobalt

Acid

Cadmium

Hydride

Chloride Sulphur

Oxide

30-40

40-60

30-80

100-120

90-110

120-150

30-70

50-150

140-300

160-190

345

250-450

150

150-160

600

Specific
energy
(Wh/kg)
Energy density
(Wh/L)
Specific power

25060-180

150

(W/kg)

1000

Power density
100

210

400

-

-

1200-3000

2

1.2

1.2

2.6

2

3.6-3.8

1000

1000-2500 >700

0%

0%

1-5%

300 to 400

-20 to 60

$350

$250-$450

(W/L)
Voltage

per

cell (V)
500300-800

1000-2000

Cycle life

1500

Self-discharge
3-5%

20%

30%

(% per month)
Operating
300
temperature

-20 to 60

-40 to 60

-20 to 60

to

400
range (oC)
$150
Cost (per kWh) $200

- $400
$800

- $200
$300
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- $100$300

2.2. Working Principle
Batteries consist of one or more galvanic/voltaic cells which convert chemical potential energy
to electrical energy. Each cell is comprised of two half cells connected in series with an
electrolyte to facilitate current flow. Batteries can be categorized as primary or secondary
(Yoshino, 2012). Primary batteries are single use, as the chemical reaction occurring inside the
cells is irreversible. On the contrary, secondary batteries exploit reversible chemical reactions,
enabling multiple charging and discharging cycles. Both types of batteries utilize redox
reactions to electrochemically store potential energy.
Lithium-ion batteries are secondary batteries, with the major components being the electrodes
(anode and cathode) which are immersed in an organic electrolyte, separated by a polymer
membrane. Intercalation electrodes are the dominant industry choice, with the anode being
comprised of a graphite based layered material, and cathode a lithium transition metal oxide in
the form of LiMO2 (M = Co, Ni or Mn). Both electrodes include a current collector, which the
layered material is deposited on. The anode uses a copper current collector whilst the cathode
uses aluminium. This is demonstrated in Figure 1.
The electrolyte usually consists of a lithium salt such as LiPF6 and a mixture of non-aqueous
organic solvents such as ethylene carbonate and dimethyl carbonate (Wen et al., 2012). The
polymer separator, which prevents short circuits whilst allowing charge carriers to pass is either
polyethylene or polypropylene (Wen et al., 2012). As a battery is charging, lithium ions move
toward the solid lattice network of the cathode, depositing between layers of the material. The
opposite is true during discharge.
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Figure 1: Schematic of a lithium ion battery during charging. The cathode material is most
commonly a layered lithium transition metal oxide whilst the anode is composed of a carboon
based material such as graphite. The individual graphene layers are demonstrated in this
diagram. Both electrodes facilitate removable insertion of lithium ions. The solvent aids in the
transport of lithium ions. (Dunn et al., 2011)
To better understand the anode and cathode electrochemistry occurring, the half equations for
a lithium ion cell using a cathode material of LiCoO2 and anode of graphite.
6𝐶 + 𝑥𝐿𝑖 + + 𝑥𝑒 − ↔ 𝐿𝑖𝑥 𝐶6
𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖(1−𝑥) 𝐶𝑜𝑂2 + 𝑥𝐿𝑖 + + 𝑥𝑒
The overall equation for the battery is shown in equation 3.
18

(1)
(2)

𝐿𝑖𝐶𝑜𝑂2 + 6𝐶 → 𝐿𝑖(1−𝑥) 𝐶𝑜𝑂2 + 𝐿𝑖𝑥 𝐶6

(3)

Although the composition of the anode and cathode may vary, the electrochemical principle of
operation remains the same, hence all intercalation electrodes will follow a very similar redox
equation.
2.3. Cell Configuration and Production
The three dominant cell types produced are small cylindrical, large prismatic and
pouch/polymer cells, as shown in Figure 2. The cylindrical 18650 lithium ion cell, meaning the
cell dimensions are 18 mm in diameter and 65 mm in length, is by far the most widely used
form, with 660 million produced in 2013 (Warner, 2015). This was largely driven by their
durable construction resulting from a steel, nickel coated steel or aluminium outer layer.
The large prismatic cells use a steel, plastic or aluminium casing and have been used
extensively in the automotive industry. There is fewer cell to cell connections in this form
factor, reducing the chance of failure, increasing reliability (Warner, 2015).
Polymer cells use a soft polymer laminate casing, creating a very thin and flexible cell. For this
reason, the pouch or polymer cell has become the standard in many portable power devices
such as laptops and mobile phones. One downside of this form of cell is the durability of the
case. Although providing flexibility, the casing is not as durable as other designs, making them
easy to damage during assembly.
A fourth cell called a button cell or coin cell is less common and utilised in watches and car
keys. These are predominantly primary single use cells, requiring replacement following
discharge. The high capacity, low self-discharge rate and long working lives of 5 years made
them popular for medical devices such as hearing aids (Dell et al., 2001).
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Figure 2: A graphical display of the major cell form factors and components. a) shows a typical
cylindrical cell. b) is a button cell. c) depicts a prismatic cell and d) shows the flexible polymer
or pouch cell. Adapted from (Warner, 2015)
2.4. Compatibility Considerations
The primary concern when designing a battery is the compatibility of the components.
Providing both the electrodes are capable of intercalation and layered onto their respective
current collector material, there should not be any issues. The primary cause for concern comes
from the electrolyte choice and possible interactions with the electrodes which may hinder
battery performance and safety.
2.4.1. Organic Electrolyte
The main components of liquid electrolytes in mass-produced lithium-ion batteries is a lithium
salt and a mixture of organic solvents. Nonaqueous electrolytes possessing high ionic
conductivity are carbonate based dipolar aprotic solvents (Bushkova et al., 2017), namely
dimethylene carbonate (DMC), diethyl carbonate (DEC) ethyl methyl carbonate (EMC),
ethylene carbonate (EC) and propylene carbonate (PC) (Abraham et al., 2008; Pistoia, 2013).
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None of these individual carbonates combines high dielectric permittivity required for
dissolution and dissociation of lithium salt (Bushkova et al., 2017) with low viscosity enabling
rapid transfer of lithium ions between electrodes, hence mixtures of the solvents are used.
Unlike electrode materials which are openly documented, electrolyte composition can vary
among manufacturers, with each using slightly different mixtures in an attempt to outperform
the competition. The most basic mixture, however, should include ethylene carbonate and one
or more of the linear carbonates, DMC, DEC or EMC (Bushkova et al., 2017), giving an ionic
conductivity of > (1-10) x 10-3 S cm-1 (Pistoia, 2013; Bushkova et al., 2017) which is necessary
for lithium transportation.
An important role of the electrolyte is to form a high quality solid electrolyte interphase (SEI)
passive film on the surface of the electrodes. This film prevents the exfoliation of the graphite
electrode during insertion and extraction of lithium ions and forms a barrier between the
reactive lithium carbon intercalation compound and chemically active electrolyte, extending
the operating life of the electrode (Liu et al., 2016; Bushkova et al., 2017). The SEI layer also
acts as a “filter,” only allowing lithium ions to pass, excluding other molecules such as the
solvation shells of the lithium ions (Bushkova et al., 2017). It is also possible for the SEI to
exhibit negative effects, such as power and capacity loss (Liu et al., 2016), with the ratio of
positive to negative effects depending on the electrolyte composition.
The electrochemical reduction of the carbonate components of the electrolyte are responsible
for forming insoluble products creating the SEI. In the presence of lithium, ethylene carbonate
(EC) is the only solvent presenting a solid product (lithium ethylene dicarbonate) with sought
properties of SEI. Similar solvents such as propylene carbonate are incapable of forming the
dense layers required to prevent graphite exfoliation, making EC a necessary addition. Other
polymerizable additives may be present in the electrolyte such as vinylene carbonate, vinyl
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acetate and acrylic acid nitrile. These are reduced forming a solid coating on the graphite
electrode, however, additives do not exceed 2 wt.% as oxidative polymerisation at the positive
electrode can cause an increase in impedance and irreversibility of the cathode (Pistoia, 2013).
The lithium salt used also plays an important role in the overall performance and compatibility
of the cell. The salt must dissolve in carbonate solvents and the anion should be chemically
inactive, resist thermal decomposition and remain sufficiently stable against oxidation and
reduction driven by electrolysis (Bushkova et al., 2017). Another purpose of the lithium salt
and electrolyte is to aid in the protection of the aluminium current collector from surface
corrosion, which can substantially hinder the life of the cell. Various lithium salts have been
used in batteries, with no single salt fulfilling all of the criteria outlined, however, the most
prominent in commercialized electrolytes for lithium-ion batteries utilize lithium
hexafluorophosphate. This is due to LiPF6 forming solutions with the highest conductivity,
whilst passivating the Al current collector and forms the SEI with the lowest resistance
(Bushkova et al., 2017). The drawbacks of using this salt are its low thermal and hydrolytic
stability compared to many other lithium salts available.
2.4.2. Aqueous Electrolyte
Aqueous electrolyte for lithium ion batteries was proposed in 1994 and has since gained lots
of attention in the scientific community due to its ability to combat the high toxicity and hazards
associated with organic electrolytes. Research has been conducted into aqueous electrolytes
has shown some advantages over conventional organic electrolytes such as improved ionic
conductivity, approximately two orders of magnitude higher which can lead to good rate
performance and low over potentials (Chang et al., 2016).
Consideration to the compatibility between aqueous electrolytes and cathode material is still
important, as not all cathode materials will operate efficiently in aqueous electrolyte. The
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material used must satisfy two main criteria. The solid matrix intercalation material must bind
sufficiently tightly with lithium to prevent reaction with water (bond dissociation energy of
>3.2 eV ±0.2 eV (Chang et al., 2016)). Secondly, the operating potential of the cathodic
material must fall within the reduction/ oxidation range of water. This is demonstrated in Figure
3.
The primary lithium salts used in aqueous electrolytes are 1 – 6 M LiNO3, 1 M – saturated
Li2SO4 and saturated LiOH. Saturated electrolyte is used because conductivity increases with
increasing dissolved salt. When a zinc anode is used within the cell, 1 M ZnSO4 is added. This
cell configuration is shown in Figure 4.

Figure 3: Eh pH diagram of lithium ion cathode materials in aqueous electrolyte (Manjunatha
et al., 2011)
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Figure 4: Aqueous cell utilising layered intercalation cathode and zinc anode (Liu et al., 2018)

2.5. Other Considerations
2.5.1. Cost
Perhaps the biggest influencing factor preventing large scale adoption of new lithium-ion
battery technology into the renewable energy market is cost (Nitta et al., 2015). The primary
costs associated with production is the processing cost and the cost of cobalt used in the
cathodes, which is high due to its rarity. Research into cathode materials replacing cobalt with
other transition metals has therefore been extensive. Manganese and nickel are among those
showing positive results (Liu et al., 2014; Xiang et al., 2014; Nitta et al., 2015). Figure 5 below
shows the relative costs of structural components in lithium-ion batteries (Warner, 2015).
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Figure 5: Average projected cost breakdown of a lithium ion battery (Warner, 2015).
2.5.2. Safety
One downfall of lithium-ion batteries compared to other types such as lead acid and nickel
cadmium is their questionable safety. Due to having such a high energy density, thermal
runaway is a key problem present in lithium-ion batteries. Thermal runaway can occur due to
mechanical, electrical or thermal abuse (Feng et al., 2018), however, internal short circuit is
the most common cause. The exothermic, decomposition of battery components, reaching
temperatures of above 200oC, often evolving smoke and causing a fire or explosion pose a
threat to the public and limit the implementation of Li-ion batteries (Nitta et al., 2015; Feng et
al., 2018). A promising step forward would be reducing the risk of thermal runaway whilst
maintaining the large energy densities which make lithium ion batteries so attractive as a form
of energy storage.
2.5.3. Rate Capability
The rate capability of a battery describes the rate at which a battery is discharged relative to its
capacity. For example, a rate of 1C suggests the entire battery capacity is discharged in one
hour. Similarly, a rate of 2C would discharge the battery in half an hour. Therefore, a 1000 Ah
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battery discharging at C/2 would produce 500 Amps. Improving the C rate capability of lithium
ion batteries would decrease charge time, making the use of electric vehicles and portable
electronics more convenient, possibly encouraging wider adoption of lithium ion powered
products.
2.5.4. Cyclability
Cyclability can be defined as the ability of a secondary battery to maintain performance over
charging and discharging cycles. As a battery undergoes numerous charging cycles, the
electrode structures begin to break down, and a loss in capacity is observed. Lithium ion
batteries are considered to have good cyclability compared to other batteries, only losing
around 10% of their capacity over 150 cycles (based off LiCoO2 cathode) (Yang et al., 2017).
Batteries used in products such as electric vehicles, laptops, mobile phones or similar electronic
devices require very good cyclability due to the many charging cycles the batteries must endure
over the lifetime of the product.
It has been shown that by varying the structure of the electrodes (Nitta et al., 2015) or
electrolyte (Yang et al., 2017), the cyclability can be further improved. Another factor
impacting cyclability is the discharge rate. When current is discharged at a higher rate, greater
stress is imposed on the electrode structure, increasing the rate of structural alteration, reducing
the cyclability and capacity. The final variable posing significant effect upon cyclability is
temperature. Lithium-ion batteries, however, do show good temperature tolerance in regards
to cyclability demonstrated by experiments with multiple lithium metal oxide based cathode
types (Nitta et al., 2015).
2.5.5. Capacity
Capacity is an extremely important characteristic of lithium-ion batteries and one which is
constantly being researched in an attempt to improve. Capacity is a term which can be better
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expressed as either specific capacity (mAh g-1) or volumetric capacity (mAh cm-3). Either one
describes the energy density of a battery. This is particularly important for the electric vehicle
market, as increasing the battery capacity would allow the consumer to drive for longer periods
of time before having to recharge.
Through general use, the capacity of a battery diminishes, with the exact rate depending upon
the type of battery and materials used. Capacity loss can be accelerated by increasing the
charge/discharge rate above what the battery is capable of, putting further stress on the structure
of electrodes causing structural deformation.
2.6. Cathode Composition
Although battery performance is dependent on both electrodes, the cathode materials are more
prevalent in research literature due to having a smaller ion storage capacity than current anodes
(Liu et al., 2016). In addition to this, carbon anodes are producing experimental capacities very
close to the theoretical maximum: 350 mAh g-1 versus 372 mAh g-1 (Kulova, 2013). Cathodes
are therefore the limiting factor in the performance of Li-ion batteries.
Cathode materials fall under two general categories based on their principle of operation;
conversion such as Li2S and intercalation, such as LiCoO2. The dominant type of cathode used
in the construction of lithium batteries is intercalation cathodes. These cathodes are a solid host
network containing space within their atomic structure allowing the reversible storage and
removal of guest ions, in this case, lithium.
These cathodes (host networks) can be further categorized according to their chemical
composition. The most basic is layered transition metal oxides, first discovered by Goodenough
in 1991 (Nitta et al., 2015). Driven by high cost and poor thermal stability sparking safety
concerns, alternative cathode materials to the standard LiCoO2 were researched. This led to the
development of polyanion compounds. These are cathode materials which include different
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polyanion groups such as phosphates, silicates and sulfates. A polyanion compound prevalent
in lithium ion battery literature is LiFePO4. Although not currently researched (Nitta et al.,
2015), chalcogenides have shown promise as a potential cathode material in the past with the
commercialization of LiTiS2 (Nitta et al., 2015). Transition metal oxides and polyanion
materials are considered to be the most current intercalation cathode technology.
The different types of cathodes are summarized in Figure 6.
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Figure 6: Graphical depiction of cathode types arranged according to molecular composition, structure and degree of commercialisation
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2.6.1. Transition Metal Oxides
The dominant cathode material on the market today remains LiCoO2, which has a specific
capacity and volumetric capacity of 148 mAh/g and 550 mAh/cm3 respectively, and an
operating voltage of 3.8 V (Väyrynen et al., 2012; Nitta et al., 2015). LCO has a α-NaFeO2
rhombohedral structure with R3m space group, the oxygen occupying a cubic closed pack
arrangement. This is demonstrated in Figure 7.

Figure 7: α-NaFeO2 layered structure of LCO (Nitta et al., 2015)
Following the removal of lithium, the crystal structure distorts, causing several different phase
changes between complete lithiation and delithiation. Absolute removal of lithium results in
hexagonal closed packing of CoO2 (Whittingham, 2004), whilst the spinel formation has also
been observed on the surface of deeply cycled LCO cathodes (< Li0.5CoO2) (Dell et al., 2001).
Crystal formation alterations result in rapid volume change, negatively effecting
electrochemical activity and cell lifetime (Dahlin et al., 2010). The maximum amount of
lithium ions that can be de-intercalated from the LiCoO2 cathode without severe detriment to
cell lifetime is 0.45Li+, resulting cathode composition Li0.55CoO2 (Dell et al., 2001).
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Poor stability caused by crystal phase changes during cycling caused safety concerns,
prompting alternatives of a similar structure to be investigated.
2.6.2. Lithium Nickel Based Oxides
One of the explored substitutes to cobalt was nickel, located next to cobalt on the periodic table,
differing in atomic mass by only 0.24 g mol-1. LiNiO2 (LNO) has a monoclinic structure with
space group C2/m which differs from LiCoO2, however, both are layered metal oxides. The
capacity of LNO cathodes was reported as greater than LCO cathodes, experimental values
ranging from 140 to 160 mAh/g (Väyrynen et al., 2012; Pistoia, 2013; Horiba, 2014; Nitta et
al., 2015) whilst showing lower potential (3.7V vs Li/Li+)(Horiba, 2014). Structural changes
throughout charging caused a change in volume resulting in cracking and degradation of active
materials. The instability of the material also caused oxidized substances to break down,
increasing the presence of oxygen gas, posing a safety risk (Xiao et al., 2008; Park, 2012).
Above 4.3 V, capacity retention was extremely poor, just 68% capacity remaining after 50
cycles at 0.1C (Dahlin et al., 2010). This is primarily attributed to structural change, however,
in the oxidation state of +2, nickel began competing with lithium for active lithium ion sites
(Dahlin et al., 2010), occupying approximately 7.3% of sites, further reducing capacity.
The properties of nickel oxide cathodes were found to dramatically improve when doped with
cobalt which increased the ordering of the hexagonal layered structure, increasing capacity.
The initial capacity and retention time increased by 20 mAh/g and 12% respectively, totalling
185 mAh/g and maintaining 82% capacity after 50 cycles (Xiao et al., 2008). Cobalt also
prevented nickel from competing with lithium, reducing nickel site presence to 2.4%. The
optimal cobalt content is 20%, after which lithium de-intercalation was suppressed causing a
reduction in capacity (Xiao et al., 2008).
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Doping with aluminium and magnesium was shown to reduce capacity fade by stabilising the
crystal structure by limiting lithium extraction to below 100%. Extremely poor thermal stability
limited any chance of commercialisation of LiNiO2 cathodes, however adding both cobalt and
aluminium was shown to increase capacity and stability to satisfactory levels (Horiba, 2014).
This prompted commercialisation of the LiNi0.8Co0.15Al0.05O2 (NCA) cathode material, having
a high discharge capacity of ~200 mAh/g and a potential of 3.7V (Nitta et al., 2015). These
cathodes are widely used among the electric vehicle market, utilized in Panasonic batteries for
Tesla electric vehicles due to having a longer operating life compared to traditional LCO
cathodes. It was reported that capacity fade can be an issue at temperatures above 40oC (Nitta
et al., 2015) due to microcrack growth and SEI growth. Minute cracks were observed at grain
boundaries in NCA cathodes following 500 cycles, and after 800 cycles the particles were
completely destroyed, shown in Figure 8.
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Figure 8: Microscopic images of cathode material a) before cycling, b) after 500 cycles and c)
after 800 cycles. This demonstrates significant degradation of NCA cathode material (Itou et
al., 2005)
Although only a small drop in capacity is observed, a severe increase (>100%) in resistance
results, shown below in Figure 9 (Itou et al., 2005). This is almost solely attributed to the
cathode, with anode demonstrating very little structural deformation when studied via XRD.
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Figure 9: Comparison of NCA cell capacity and resistance before and after cycling at 60oC
(Itou et al., 2005)

Although not perfect, NCA based lithium ion intercalation cells have fulfilled a market need in
the electric vehicle market, contributing 6% of the market share in terms of annual production
mass (Moseley et al., 2014).
2.6.3. Lithium Manganese Based Oxides
Another cathode material present in literature is LiMnO2 (LMO), due to being superior to cobalt
and nickel in regards to naturally availability, safety and toxicity. Due to the trivalent
manganese ion causing Jahn Teller distortion of MnO6, a perfect α-NaFeO2 structure is not
formed (Dahlin et al., 2010). Instead, a monoclinic structure with C2/m spacing is observed,
showing less symmetry than LCO and LNO structures, however, the cationic ordering still
mimics the α-NaFeO2 layered structure. Capacity was shown to be 140 mAh/g with a potential
of 3.7 V versus Li/Li+, slightly less than LCO cathodes in both regards. Cycling performance
of LMO cathodes is poor due to the structural transformation from layered to the highly
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disordered spinel phase was apparent below Li0.5MnO2 lithium content. This results in a rapid
capacity drop and shortening of cell lifetime (Dahlin et al., 2010).
Another factor contributing to short cell lifetime is manganese disproportionation, shown in
equation 4 below and graphically depicted in Figure 10.
2𝑀𝑛3+ → 𝑀𝑛2+ + 𝑀𝑛4+

(4)

This is a problem because Mn2+ is leached out of the cathode during cycling, being soluble in
the electrolyte (Park, 2012; Nitta et al., 2015). The dissolved manganese deposits at the anode,
destabilizing the SEI and inhibiting the flow of lithium ions between electrodes. In addition,
manganese can also act as a catalyst for electrolyte decomposition at elevated temperatures
(Park, 2012).

Figure 10: Manganese dissolution. Two Mn3+ ions converting to Mn4+ and Mn2+, which
dissolves in the electrolyte, destabilizing cathodic structure (Park et al., 2011).
Overall the presence of Mn2+ reduces battery lifetime hence cationic doping was attempted to
stabilise manganese. Addition of chromium(III) was found to inhibit the formation of the spinel
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phase, reducing capacity loss and extending cell life. When adding nickel, manganese was no
longer the electroactive species, thus remained in oxidation state IV and prevented manganese
dissolution (Numata et al., 2001; Dahlin et al., 2010). A study of LiNi0.5Mn0.5O2 displayed a
capacity of 190 mAh/g with an only minute decline after 30 cycles. Doping with aluminium
also displayed an increase in stability by reducing cation mixing, resulting in an improved
capacity retention (Ammundsen et al., 2000; Dahlin et al., 2010).
Production of LMO based cathodes is much more difficult to accomplish consistently, as the
structures are more complex than LNO and LCO materials. Often, the spinel form LiMn2O4 is
obtained during synthesis as opposed to the target layered product.
When paired with other cationic substituents such as nickel and cobalt, manganese acts as a
pillar, decreasing structural changes, prolonging the life of the battery.
2.6.4. Lithium Nickel Manganese Cobalt Oxide
Lithium nickel manganese oxide (LiNiMnCoO2 or NMC) was first developed in 1999 to
overcome the limitations of the individual transition metal oxides (Xiao et al., 2008). The nickel
acts as the electrochemically active species, existing as 2+ and 4+ oxidation states. The
cobalt(II) prevents nickel competing with lithium for intercalation sites, aiding in redox toward
the end of the charging process (Park, 2012) whilst the manganese(IV) provides structural
support during cycling (Xiao et al., 2008). Manganese dissolution is also considerably reduced
compared to standard LMO based cathode materials (Choi et al., 2006). By reducing cobalt
content and adding manganese, NCM batteries are safer and less toxic than LCO based
batteries. Addition of cobalt to LiMnNiO2 stabilizes the structure resulting in a volume change
of less than 2% during delithiation. Capacities ranging from 150 mAh/g to as high as 182
mAh/g at 0.2C (Dahlin et al., 2010) have been observed, however capacity of NCM is highly
dependent upon synthesis methods (Pistoia, 2013). For example, LiNi0.45Mn0.45Co0.1O2
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synthesized at temperatures 700 oC – 1000 oC presented significant differences in capacity
shown in Figure 11. This was attributed to the larger particles (see Figure 12) present at higher
temperatures extending the lithium path length when cycling (Xiao et al., 2008). NMC
synthesised at 800 oC demonstrated both the highest initial capacity of 180 mAh/g and most
stable cycling.

Figure 11: Capacities of LiNi0.45Mn0.45Co0.1O2 samples produced at 700oC - 1000oC (Xiao et
al., 2008).

37

Figure 12: TEM image of LiNi0.45Mn0.45Co0.1O2 prepared at 700 – 1000oC. Poorer performance
was observed with the 1000oC sample due to increased particle size (Xiao et al., 2008).
Long cycle life is a key strength of this cathode, cells observed surpassing 3000 cycles
compared to 700 witnessed for LCO cathodes (Liu et al., 2014).
Various ratios of transition metals have been researched, the most successful is NCM 333
(LiNi0.33Co0.33Mn0.33O2) which has been commercialised and is not far behind LCO (43 %) in
terms of market presence, contributing 32 % of annual battery production mass (Moseley et
al., 2014). Other ratios, such as NCM523, NCM433 have shown promise, all demonstrating
close to 80 % capacity retention after 2500 cycles (Liu et al., 2014; Warner, 2015).
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Research revealed NCM is capable of high average voltages (> 3.8 V versus Li/Li+) however
as the charge voltage surpasses 4.5 V, the concentration of transition metals dissolved in
electrolyte spikes, demonstrated in Figure 13.
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Figure 13: Concentration of transition metals Ni, Mn, Co in 1M LiPF6/EC + DEC (1:1)
electrolyte at different cathode potentials. Adapted from (Zheng et al., 2012).
The NCM cathode materials are perhaps the most promising to replace conventional lithium
cobalt oxide batteries, due to great cyclability, similar voltage and more environmentally
friendly. NCM333 is the only commercialised NCM cathode (Nitta et al., 2015), however, with
further research, there is a strong possibility of another successful ratio based on investigations
thus far (Zheng et al., 2012).
2.6.5. Spinel Complexes
Although layered transition metal oxides dominate the market in terms of production, transition
metal cathodes taking a spinel structural formation have also shown success as a cathodic
material in lithium-ion cells. Lithium spinel compounds utilize manganese, an easily sourced,
non-toxic inexpensive transition metal in the form of LiMn2O4. Oxygen is cubic closed-packed
following an ABCABC sequence (Park, 2012). Figure 14 shows a 3D depiction of the structure
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along with lithium intercalation sites. The spinel structure limits the orientation lithium ions
can enter compared to the layered nature of tradition transition metal which oxides allow
lithium intercalation to occur from any direction.

Figure 14: Spinel structure showing lithium ions within the 3D matrix (Amatucci et al., 2002)
The oxidation number of manganese varies from +2 to +4 depending on synthesis variables
such as reactants, temperature, making the synthesis of spinel LMO more complex than layered
alternatives. The same problems regarding manganese dissolution in lithium manganese oxide
layered cathodes is also present in the spinel form (Xiao et al., 2008), however, this is
minimised with lithium rich Li1+xMn2-xO2, or via doping with aluminium or chromium (Ullah
et al., 2018). Substituting manganese with nickel(II) ions to prevent manganese dissolution
resulted in LiNi0.5Mn1.5O4, demonstrating improved electrochemical performance but
increased thermal instability (Li, 2017). The theoretical specific capacity of spinel LMO is 148
mAh/g, however, in practice, around 120 mAh/g can be expected (Nitta et al., 2015),
significantly lower than LCO. The low conductivity observed in spinel material (10-6 S/cm)
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(Park, 2012) explains the inferior rate capability compared to LCO (10-3 S/cm) (Dahlin et al.,
2010). High self-discharge whilst fully charged is apparent due to manganese(II) dissolution in
the electrolyte. The electrolyte choice is important for spinel LMO as a salt containing fluoride
will form HF and dissolve the cathodic spinel material, drastically shortening cycle life.
A distinguishable quality of spinel structures compared to layered oxides is the ability of cubic
Mn2O4 to withstand changes in volume during lithium ion intercalation and removal. There is
therefore little structural change observed during cycling, unlike layered compounds which can
undergo numerous transformation between charged and discharged states. Despite offering
good resistance to structural change under delithiation, the manganese dissolution remains a
significant problem, reducing cycle life to approximately that of LCO (Väyrynen et al., 2012).
Research surrounding spinel LMO is more so focused on high voltage lithium rich cathodic
materials, having the formula Li1+xMn2-xO2, however high voltage lithium compounds are
outside the scope of this literature review.
2.7. Conclusion and Future Research Suggestions
This investigation into current lithium-ion battery transition metal oxide cathode materials and
respective characteristics was successful. The two crystal structures present in transition metal
oxide cathodes are layered and spinel. Of these, three layered transition metal oxides, (NMC,
NCA and LCO) and one spinel (LMO) have been commercialised. The behaviour of these
materials within an organic electrolyte have been studied in depth, however there is a gap in
the literature regarding the use of aqueous lithium-ion batteries, which provide increased safety
and reduced environmental impact. As society becomes more dependent on renewable energy
sources, having an environmentally friendly lithium ion battery is becoming ever more
important, making aqueous lithium-ion battery cathode materials a suitable research route.
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3. Experimental Summary
Following improvements made to layered cathode materials used in organic-based electrolytes
through nickel and cobalt doping (Myung et al., 2005), this project will aim to assess the effect
of nickel and cobalt doping on the lithium manganese oxide material for use in aqueous lithiumion batteries. To do so, LiMn2O4, LiMn1.8Co0.2O4 and LiMn1.8Ni0.2O4 will be synthesised and
assessed during this project.
3.1. Aims and Objectives
The aims and objectives of this project are as follows;
 Synthesise LiMn2O4, LiMn1.8Co0.2O4 and LiMn1.8Ni0.2O4
 Assess the effect of calcination temperature, nickel and cobalt addition on
electrochemical behaviour using cyclic voltammetry and charge-discharge tests
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3.2. Reagents
The reagents used in this experiment, including their purity and source is displayed below in
Table 2.
Table 2: Summary of reagents used
Reagent

Source

Purity (%)

Lithium acetate dehydrate

Sigma-Aldrich

>99.0

Manganese(II) acetate tetrahydrate

Sigma-Aldrich

>99.0

Cobalt(II) acetate tetrahydrate

Sigma-Aldrich

>98.0

Nickel(II) acetate tetrahydrate

Sigma-Aldrich

>99.0

Citric acid

Chem Supply

>99.0

Lithium hydroxide

Sigma-Aldrich

>98.0

Zinc sulphate heptahydrate

UNIVAR

>99.0

Polyvinylidene fluoride (PVDF)

Alfa Aesar

N/A

A99 carbon (synthetic graphite)

Asbury Carbons

>98.0

Acetylene carbon (carbon black)

Alfa Aesar

>99.9

Copper Mesh

-
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3.3. Cathode Synthesis and Preparation
The process followed to synthesise the cathode materials is demonstrated in Figure 15.

Citric Acid

Lithium Acetate
Manganese Acetate
Cobalt Acetate
Nickel Acetate
Water

Cyclic
Voltammetry

Hotplate 80 oC

Pellet Press
10 tonne

Vacuum Oven
-50 kPa
80 oC

Furnace
300 oC
3 hours

Mortar +
Pestle

Furnace 12 hours
750/ 850/ 950 oC

Charge Discharge
PVDF (10%)
A99 Carbon (12.5%)
Acetylene Carbon (2.5%)
Copper Mesh

Figure 15: Summary of steps performed to obtain cathode
The starting reagents were metal acetates and citric acid. Stoichiometric amounts of the metal
acetates were prepared as to total 60 g per material composition (LMO, LMCO, LMNO). The
reagents were placed into a beaker of 40 mL deionized water and heated to 80 °C on a hotplate
under a fume hood. A magnetic stirrer bar was placed inside the beaker and stirring was
commenced to aid the dissolution of solids. Once the solids were dissolved and the solution
was at 80 °C, citric acid was added at a molar ratio of 1:1 citric acid to metal ions. The exact
reagent weights used for each material are displayed in Table 3.
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Table 3: Reagent masses for sol-gel synthesis of cathode materials
Reagent Mass (g)
Reagent

LMO

LMCO

LMNO

Lithium acetate dehydrate

13.6611

13.6368

13.6383

Manganese acetate tetrahydrate

46.3388

41.6307

41.6352

Cobalt acetate tetrahydrate

0

4.7324

0

Nickel acetate tetrahydrate

0

0

4.7265

Citric Acid Anhydrous

25.7261

25.6803

25.6831

TOTAL

85.7261

85.6803

85.6831

The solutions were heated on the hotplate until a gel was formed. This took approximately 30
minutes. Figure 16 shows the visible change from when the solid is first added to the formation
of the viscous gel for LMNO.
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Figure 16: Comparison of LMNO solution before (left) and after (right) citric acid addition..
The gels were transferred into a vacuum oven set to 80 °C and -50 kPa to remove all the water
present. This typically took 2-3 days. The dried material was then split into three equal masses,
and placed in alumina silicate crucibles before being placed in a muffle furnace with airflow at
300 °C for 3 hours. A second stage of calcination was completed at 750, 850 and 950 °C for
each of the LMO, LMCO and LMNO materials.
The powder was removed from the furnace and ground with a pestle and mortar whilst PVDF,
A99 carbon and acetylene carbon was added (ratio of 75/ 10/ 12.5/ 2.5 respectively) until a
uniform colour with no noticeably large particles was obtained. 0.15 g of this powder was
placed in a 12 mm pellet die, before a 6 mm diameter copper mesh disc was place on top.
Another 0.15g of the powder was added into the die before pressing. The A99 carbon, acetylene
carbon and copper mesh were all added to increase the conductivity of the pellet. The exact
percentage composition was based upon past studies (Paravasthu, 2012). The pellet was formed
using a 10 tonne pellet press, which applied compressive force of 10 tonnes for 5 minutes per
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pellet. Two pellets of each material and temperature were prepared for electrochemical
analysis. The resulting pellets weighed ~0.3 g, had a surface area of 1.13 cm2 and were ~1
mm thick.
3.4. Analysis Methods
3.4.1. Material Characterisation
The primary form of material characterisation utilised for this test work was the XRD or x-ray
powder diffraction, whereby the sample is exposed to x-rays at different angles, and intensity
of the reflected beam is measured.
This method of characterisation reveals information regarding the crystal structure, and
operates under the principle of Bragg’s law which is displayed below, and visually
demonstrated in Figure 17
𝐵𝑟𝑎𝑔𝑔′ 𝑠 𝐿𝑎𝑤 → 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃
where;
λ = wavelength of copper
n = integer indicating the “order” of reflection
d = interplanar distance
θ = angle of incidence
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Figure 17: X-ray diffraction diagram denoting the angle of incidence (θ) and interplanar
distance (d) (Jendrzejewska et al., 2018).
X-ray diffraction relies on the fact different crystal structures give varying beam intensities at
distinct angles. This enables X-ray diffraction patterns to be recorded for each material
synthesised, and allows comparisons between them to be made to assess any differences. In
addition, the diffraction patterns can also be matched against a diffraction database maintained
by the International Centre for Diffraction Data should a similar material have been logged.
Each material synthesised in this project was analysed via XRD using a 2θ range of 10° to 70°
using a step size of 0.02θ and scan rate of 1.0° per minute. Therefore, every scan performed
took one hour to complete.
3.4.2. Electrochemical Testing
Electrochemical testing was a large part of this project as the operating principle of batteries is
centred around electrochemistry. To assess the suitability of each cathode material synthesised,
a cyclic voltammetry and charge discharge analysis was performed.
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3.4.2.1.

Cyclic Voltammetry

Cyclic voltammetry is a method of investigating the oxidation and reduction of a species, in
this case the cathode material. During cyclic voltammetry, the potential of the working
electrode (the cathode material) is cycled and the current is measured. The potential changes
at a specified linear rate, creating more oxidative or reductive conditions as it cycles. The
current will increase/decrease when the material is oxidised or reduced.
The apparatus used to complete this analysis was a three electrode system and is outlined in
Figure 18. The counter electrode was a thin strip of zinc placed within a junction tube to prevent
any side reactions which may interfere with the scan result. The working electrode consisted
of a threaded brass rod connected a Teflon tube which held the cathode pellet prepared earlier.
The Teflon tube exposed a small surface area of the material to the electrolyte, allowing the
flow of electrons. A schematic of the working electrode is provided in Figure 19. An Ag/AgCl
reference electrode sitting in a junction tube with 3 M KCl was also used to complete the
system.
The electrolyte used was a mixture of saturated LiOH and 1 M ZnSO4. This solution
composition was chosen lithium hydroxide was chosen due to its use in previous aqueous
lithium ion battery studies (Manjunatha et al., 2011).
The potentiostat used was a Pine Research WaveNow potentiostat, driven by AfterMath
software.
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Figure 18: Annotated image of the apparatus used to perform cyclic voltammetry on each
cathode material. The system consisted of three electrodes; a zinc counter electrode, Ag/ AgCl
reference electrode and the pellet working electrode.
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Figure 19: Cross section of working electrode, showing positioning of the cathode pellet
Cyclic voltammetry testing is used to give an indication of the reversibility of the oxidation
and reduction occurring at the cathode during discharging and charging. This is important,
because for a rechargeable battery, the oxidation and reduction of the cathode material
(potentially deintercalation and intercalation of lithium ions) must be reversible in order for the
battery to be recharged and used again.
An important parameter chosen by the user is the scan rate, which is the rate at which the
potential is changed. Faster scan rates lead to a decrease in the diffusion layer, hence the
observed current is higher (Elgrishi et al., 2018). However, processes with slow kinetics require
a slow scan rate because they need time to oxidise or reduce at the applied potential. Through
testing, the optimal scan rate for the material produced was found to be 25 µV/s.
The reversibility of the material can be assessed by analysing the cyclic voltammetry graphs.
A reversible process will be distinguishable from an irreversible or quasi-reversible process by
comparing the potential difference between oxidation and reduction peaks, and the ratio of
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anodic peak current to cathodic peak current. For a reversible process, the potential difference
between curves should be equal to the equation shown below, whereby n indicates the number
of electrons being transferred, and Epa and Epc indicate the peak voltages for the anodic and
cathodic curves respectively.

∆𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 =

59𝑚𝑉
𝑛

(5)

Where;
Epa = Peak anodic potential (V)
Epc = Peak cathodic potential (V)
n = number of electrons transferred in the process
This equation is based on a fast one electron process exhibiting a ∆Ep of approximately 59 mV
(Brownson et al., 2014).
The ratio of the peak anodic and cathodic currents is demonstrated in equation 6, and for a
reversible process this should equal 1. When the resulting number deviates from one, it
suggests there is bias towards either oxidation or reduction, and the process will be quasireversible.

│

𝑖𝑝𝑎
│
𝑖𝑝𝑐

Where;
ipa = Peak anodic current (mA)
ipc = Peak cathodic current (mA)
n = number of electrons transferred in the process
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(6)

The method used to obtain these numbers, namely Epc, Epa, ipa and ipc from the cyclic
voltammetry graphs is demonstrated on the output for LMO prepared at 750 °C in Figure 20
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Figure 20: Analysis and interpretation of the cyclic voltammetry output to obtain the peak
voltage and current.

3.4.2.2.

Charge Discharge Test

The second method of electrochemical testing was a charge discharge test, whereby the cathode
was placed in a cell comprising of zinc metal anode and filter paper soaked with saturated
lithium hydroxide and 1 M zinc sulphate electrolyte. A PowerLab 4SP potentiostat from AD
Instruments was used, which has a galvanostat mode. This passes a constant current through
the cell, in this case 0.250 mA/cm2. When the cell reached 1.9 V, it was discharged and the
time to discharge was recorded. A schematic of the cell configuration is shown below in Figure
21.
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Figure 21: Schematic of the cell arrangement for the charge/ discharge tests

4. Results and Discussion
The results for each cathode material are presented below one by one in respect to their
composition. Following this is a summary comparing the results obtained and a determination
of the most suitable battery material for future studies into aqueous lithium ion batteries. For
each material, there is an XRD comparison across the temperatures indicating any structural
change with changing calcination temperature, a cyclic voltammetry scan, and a discharge
curve. In addition, there is also an XRD of the material after cyclic voltammetry and charging,
however the limitations of these results will be discussed in subsequent sections.
4.1. LiMn2O4
Following the formation of the material at three different temperatures, XRD analysis was
performed. The resulting peak data is shown in Figure 22. Any variation in peaks if indicative
of a structural change. The database was used to match the peaks to known materials.
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The ICC database linked to the XRD program identified all three materials to closely resemble
LiMn2O4 as expected. The database spectra for LiMn2O4 is shown by the red peaks at the
bottom of the graph.
As shown in Figure 22 there is a clear change in peak intensity when comparing the three XRD
spectra across temperature. The predominant difference is observed around the 40 – 45° mark,
whereby two peaks undergo continues alteration as temperature increases. Namely, the first
peak shows a slight reduction, and the second peak (of greater angle) demonstrates a large
reduction with respect to increasing temperature. Note that the 950 °C variant appears to
display another small peak, going from two to three peaks at ~45 °.
Although these changes indicate significant structural alteration, they were not significant
enough to be attributed by the ICC database software to any specific structural changes. It can
therefore only be concluded that the structure of the LiMn2O4 does change with increasing
calcination temperature. This is most likely due to a change in the thermodynamically favoured
phase as the conditions change when temperature is increased.
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Figure 22: XRD spectra comparing the LiMn2O4 cathode material synthesised at 750, 850 and 950 °C for 12 hours against literature LiMn2O4
spectra from ICDD.
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Cyclic voltammetry was employed to assess the reversibility of the material. The scan for
the LMO material procuced via a calcination temperature of 750 °C is shown in Figure
23.
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Figure 23: Cyclic voltammetry output for LMO (LiMn2O4) prepared at 750 °C. The
potential was scanned at 25 µV/s beginning at -0.6 V and returning to -0.6 V after
reaching 0.3 V.
The cyclic voltammetry study of the LMO material prepared at 750 °C shows a distinct
oxidative curve at -0.062 V. The current associated with this peak is 1.129 mA, after
accounting for the baseline. The peak anodic voltage and current were more difficult to
obtain. When looking at the anodic curve it is apparent there is not obvious peak, as the
line continues on a constant decline, not rising back up as would be the case if there was
a peak. This could be due to a few reasons. The most likely is the interference of hydrogen
gas resulting from the reduction of water, which would see a huge exponential decrease
in the current as the potential moves to more negative values. The formation of hydrogen
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gas is due to the reduction of water in present in the electrolyte, and is described in
equation 7.
−
𝐻2 𝑂(𝑙) + 2𝑒 − → 𝐻2 (𝑔) + 𝑂𝐻(𝑎𝑞)

(7)

The fact the current never increased back up could be due to the formation of small
amounts of hydrogen gas. Alternatively, it is also possible the actual curve is located in a
more negative potential than was scanned. In either case, the actual curve was unable to
be obtained, as when the potential was further decreased, the formation of hydrogen gas
due to the reduction of water resulted in inaccurate current readings. Therefore, the most
accurate scan data is that shown above, and assumptions must be made in order to
interpret the data. The point selected as the peak of the curve was the point at which the
change in current with respect to potential was at a minimum. This occurs at a potential
of -0.442 V. The accompanying current is -1.275 mA.
Using these values, ∆Ep and │ipa/ ipc│ can be calculated to give an indication of the
reversibility of the material. This results in values of 0.379 V and 0.885 for ∆Ep and │ipa/
ipc│, respectively. There is quite a large deviation between the peaks, suggesting the
process is not reversible. This is common among many battery materials, and has been
demonstrated to be the case with LiMn2O4 in past studies (Brownson et al., 2014). No
battery is completely reversible, all showing reduction in capacity over time, explaining
why rechargeable batteries still need replacing after extended use. This result is therefore
not unexpected, and data from the other variants studied in this experiment must be
analysed for a comparison to be made. The ratio of anode to cathodic peak current is
0.885, falling close to 1. This shows promising signs that the battery material may be
slightly or quasi-reversible.
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The cyclic voltammetry scans of the LMO 750 °C variant can be compared with the LMO
prepared at 850°C, which is shown in Figure 24.
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Figure 24: Cyclic voltammetry scan of LiMn2O4 prepared at 850 °C using a scan rate of
25 µV/s. The material was scanned anodically from -0.7 V to 0.3 V before returning to 0.7 V.
Looking at the 850 °C variant of LMO, it is immediately obvious the cathodic peak is
more clearly defined. This immediately makes the calculations for reversibility much
more reliable than previously. This variation in scan output supports the XRD scans, also
suggesting there is structural change with increasing calcination temperature.
The anodic and cathodic peak potentials are -0.0875 V and -0.4226 V respectively,
resulting in a ∆Ep of 0.335 V, which is 0.044 V less than the 750 °C variant. This suggests
the LMO prepared at 850 °C shows superior reversibility. Supporting this claim, is the
division of anodic and cathodic peak currents which equate to 0.959, very close to 1.
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Based on the CV results, it can be concluded the LMO prepared at 850 °C is the more
reversible cathode material.
The final calcination temperature tested for LMO was 950 °C. The CV scan is shown in
Figure 25.
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Figure 25: Cyclic voltammetry scan results for LiMn2O4 prepared at 950 °C. The scan
was performed anodically using a scan rate of 25 µV/s starting at -0.7 V, returning once
reaching 0.3 V.
Similarly, to the LMO prepared at 850 °C, both peaks are quite evident in the sample
prepared at 950 °C. This scan shows some interference, slightly on the oxidation peak
and more so in the cathodic curve, between -0.4 V and -0.6 V, indicated by the erratic
line. This can be due to a combination of factors. Cyclic voltammetry is an extremely
sensitive method of analysis. A slight vibration can cause a small fluctuation in the line,
however a more likely explanation is the presence of air bubbles. This could have been
introduced to the system during the setup of the apparatus, or alternatively through the
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formation of hydrogen gas as the potential becomes more negative, making the reduction
of water more favourable.
The erratic nature of the line around the cathodic curve, makes the accuracy of the peak
questionable, however an estimate of the actual peak potential and current can still be
made. The peak voltage of the anodic and cathodic peaks is identified as -0.0622 V and 0.532 V respectively, giving a ∆Ep of 0.470 V. This along with the division of anodic and
cathodic current results in 1.57, suggesting the LMO prepared at 950 °C shows the worst
reversibility of the three calcination temperatures.
A summary of the peak voltages and current densities for the LMO material is given in
Table 4.
Table 4: Summary of cyclic voltammetry results, indicating the reversibility of each
material.
LMO

Epa (V)

ipa (mA)

Epc (V)

ipc (mA) Epa - Epc (V)

│ipa/ ipc│

750 °C

-0.0623

1.129

-0.442

-1.275

0.380

0.885

850 °C

-0.0875

0.888

-0.423

-0.925

0.335

0.959

950 °C

-0.0622

0.835

-0.532

-0.530

0.470

1.576

The other method used to assess the suitability of the synthesised battery material was the
discharge test, whereby each material was charged to 1.9 V and then discharged, during
which the time was recorded. Figure 26 depicts the change in potential over time, and
shows the total discharge time for LMO at the three temperatures.
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Figure 26: Discharge comparison of LiMn2O4 in aqueous solution of LiOH and ZnSO4,
using a zinc anode and filter paper separator.
There is a major difference in discharge time with the LMO prepared at 850 °C
performing at only 55% (~4400 seconds) of the 750 °C material which discharged in
~8000 seconds. Both materials plateau around the 1 – 1.1 V range, however the 750 °C
variant withstands that plateau more strictly, compared to the 850 °C material which
begins to fall slowly, approximately 3000 seconds into discharge. The decrease in
potential over discharge can be attributed to structural change within the material
(Brownson et al., 2014), which is usually minimal in spinel structured cathode material,
as is the case for this calcination temperature.
Interesting to note the time at which the plateau was reached. The LMO 750 °C material
held its original potential for a longer period of time, approximately 500 seconds longer
than the LMO prepared at 850 °C. This is most likely due to the structural differences
indicated by the XRD. The potential retention over discharge is greatly linked to site
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energy which is dependent upon the structure of the material (Liu et al., 2016). As the
structure changes, the site energy is too altered, and the overall cell potential decreases.
This is more apparent in the worse performing 850 °C sample.
When observing the LMO 950 °C curve, there is a completely different discharge
behaviour evident. There is no immediate plateau, but rather a slow potential decline,
eventually plateauing at ~5700 seconds into the discharge. This represents a huge
difference in the structure of the material when compared to the 750 and 850 °C variant
which both hit the ~1 V plateau less than 2000 seconds into discharge. There appears to
be a slight change in the gradient of the 950 °C discharge line at approximately 2700
seconds into discharge. This is possibly a sign of two step lithium intercalation process.
It is suggested there is two types of LMO spinel type compounds that can be synthesised
(Zheng et al., 2014). The first is referred to as a type I and presents a larger capacity on
cycling, however also demonstrates capacity fading upon cycling. The type II spinel
displays slightly less capacity, however has a much better capacity retention when
cycling. It appears from the discharge diagram in Figure 26, the LMO prepared at 950 °C
may fall within the type II spinel classification. The continuous yet slow decline in
potential signifies structural change in the material, which could possibly lower the
capacity when next cycled.
Literature also states the discharge capacity of lithium manganese oxide in the spinel
structural form should increase with increasing calcination temperature. Other studies
carried out indicate the percent of spinel phase within a lithium manganese oxide powder
is increased as the calcination temperature is increased (Lee et al., 2013). This suggests
the LMO prepared at 950 °C may have a higher percent of spinel phase present,
accounting for a larger discharge capacity.
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From the experiments conducted, it is suggested the higher calcination temperatures for
LMO led to a type II spinel formation, however it cannot be conclusively stated, due to
lack of replicates being completed. Repeated cycling would give further evidence from
which more statistically meaningful conclusions could be drawn.
4.2. LiMn1.8Co0.2O4
The XRD spectra for the LMCO powder produced at 750, 850 and 950 °C is shown in
Figure 27. Evident between the 40 – 45-degree mark, there is some deviation between the
spectra over the three temperatures. This is most likely due to a new thermodynamically
favoured phase of material, as the temperature increases. There is a clear decrease in peak
intensity of the peak at ~44°, whilst an increase in the neighbouring peak at ~45° with
increasing temperature. This suggests the formation of a new phase of material.
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Figure 27: XRD spectra of LiMn2-xCoxO4 prepared at calcination temperatures of 750, 850 and 950 °C
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The cyclic voltammetry scans for LMCO prepared at each of the three temperatures is seen
below, starting with the 750 °C variant shown in Figure 28.
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Figure 28: Cyclic voltammetry scan of LiMn2-xCoxO4 prepared at 750 °C using a scan rate of
25 µV/s. The scan began at -0.6 V, scanning anodically until a potential of 0.3 V was reached,
whereby the scan was reversed, scanning back to -0.6 V.
The sample prepared at 750 °C shows a secondary peak on the apex of the broader peak. This
is likely due to the oxidation of the cobalt, as lithium is removed from the material upon
charging. Therefore, it is assumed the above scan is a composite of two oxidation peaks; one
due to manganese and the other due to cobalt. The apex of each peak occurs at approximately
the same potential, giving an anodic peak potential of -0.162 V. The associated current is 0.404
mA.
The cathodic peak is heavily undefined. This is most likely due to the peak potential occurring
in the more negative range, which the scan was unable to reach due to hydrogen gas formation
which would cause unreliable current readings. In order to assess reversibility, the potential
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whereby the rate of change of current was at a minimum. This occurred at -0.572 V and has a
corresponding current of 0.694 mA. The ∆Ep can therefore be calculated as 0.410 V and │ipa/
ipc│ of 0.4712. This indicates very poor reversibility, with the │ipa/ ipc│ value being the lowest
of all the materials studied via cyclic voltammetry within this project.
The cyclic voltammetry results for the LMCO prepared at a calcination temperature are shown
in Figure 29. The anodic peak occurs at a potential of -0.162 V, the same as the 750 °C variant.
This is likely due to the peak voltage occurring on the apex of the small bump assumed to be
due to the presence of cobalt. This appears to remain constant with calcination temperature,
and is masking the true value for the larger curve, which does change peak potential with a
change in temperature. From the data obtained, it is impossible to accurately state the actual
peak potential of the larger curve, hence this value of -0.162 V will be used for reversibility
calculations. The anodic peak current can be calculated as 0.414 mA, slightly higher than the
750 °C sample.
The cathodic peak is more defined in this sample; however, an actual peak is not present.
Hence, as before, the point where change in current over potential is minimised is taken as the
peak of the curve. This occurs at -0.477 V and has an associated current of -0.678 mA. The
irreversibility indicators, ∆Ep and │ipa/ ipc│ can be calculated as 0.315 V and 0.611
respectively, indicating better reversibility than the 750 °C variant.
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Figure 29: Cyclic voltammetry scan of LiMn2-xCoxO4 prepared at 850 °C using a scan rate of
25 µV/s. The scan began at -0.6 V, scanning anodically until a potential of 0.3 V was reached,
whereby the scan was reversed, scanning back to -0.6 V.
The final calcination temperature of 950 °C is shown in the cyclic voltammetry scan shown
below in Figure 30.
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Figure 30: Cyclic voltammetry scan of LiMn2-xCoxO4 prepared at 950 °C using a scan rate of
25 µV/s. The scan began at -0.6 V, scanning anodically until a potential of 0.3 V was reached,
whereby the scan was reversed, scanning back to -0.6 V.
The anodic peak still has the cobalt peak as expected. Once again this obscures the peak
potential for the broader curve, which is assumed to be -0.167 V from the data obtained. The
associated current is 0.414 mA, compared to the cathodic peak current which is -0.418 mA and
occurs at a potential of -0.457 V. This results in a ∆Ep value of 0.29 V, and │ipa/ ipc│ of 1.26.
This suggests the 950 °C variant is the most reversible of the LMCO series studied.
Table 5 lists the peak potentials and associated current and reversibility indicators ∆Ep and
│ipa/ ipc│ for the LMCO material prepared at each temperature.
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Table 5: Summary of cyclic voltammetry data for the LMNO material prepared at 750, 850
and 950 °c indicating the reversibility of each material.
LMCO

Epa (V)

ipa (mA)

Epc (V)

ipc (mA)

Epa - Epc (V)

│ipa/ ipc│

750

-0.162

0.327

-0.572

-0.694

0.41

0.471

850

-0.162

0.414

-0.477

-0.678

0.315

0.611

950

-0.167

0.527

-0.457

-0.418

0.29

1.261

From the data displayed in Table 5, the most reversible material from the LMCO series is the
sample prepared at 950 °C. This is follows the trend observed for this material, which is that
reversibility increases with increasing calcination temperature.
The other method of material assessment was discharge monitoring, from which the data
collected has been displayed in Figure 31. There appears to be a large variation in discharge
time across calcination temperature, suggesting temperature has a large effect on
electrochemical performance. The best performing LMCO variant was the 750 °C, which
discharged in approximately 8600 seconds. Closely followed is the 850 °C sample, which
discharged just under 8000 seconds. The worst performing temperature of the LMCO samples,
and materials examined as a whole, is the LMCO prepared at 950 °C. This cell discharged in
under 2000 seconds, and showed no sign of plateau during discharge. This behaviour was not
observed by any other material at any temperature over the duration of this project.
Upon discharging, the lithium ions are intercalated back into the matrix of manganese, cobalt
and oxygen atoms. The very short discharge time suggests there was a lack of lithium being
intercalated. This is either due to a structural change which occurred during charging as lithium
was removed from the matrix, or because very little lithium was removed during charging,
hence there were not enough empty lithium sites in the material to facilitate significant
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discharge time. Alternatively, the initial structure resulting from the calcination temperature of
950 °C caused the formation of a phase heavily inhibiting the movement of lithium in and out
of the structure.
The cyclic voltammetry testing indicated the 950 °C variant to be the most reversible material
of the LMCO series, therefore the latter is unlikely but not impossible. It is difficult to
conclusively say based on the data collected during this project however there does appear to
be a trend within the discharge data, indicating an increase in calcination temperature is
associated with a decrease in discharge time for the LMCO series.
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Figure 31: Discharge times for LiMn2-xCoxO4 prepared at 750, 850 and 950 °C. Each material
was charged to 1.9V and then discharged at 0.250 mA/cm2
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4.3. LiMn1.8Ni0.2O4
The nickel doped LiMn2O4 matrix is the final cathode material studied in this project. As with
the other material compositions, the LMNO was exposed to XRD, cyclic voltammetry testing
and charge discharge testing. The XRD spectra for each of the calcination temperatures is
shown below in Figure 32.
There appears to be a small difference in peak intensity between the 750 °C and 850 °C
variants, particularly when observing the second peak in the dual peak at approximately 45 °.
This is indicative of a structural change when the temperature was increased. This could be due
to a phase change in the material, however further research is needed to more accurately define
the change. The increase from 850 to 950 °C saw a reduction in the first peak around 44 °, and
perhaps a slight increase in the second peak at approximately 45 °. Therefore, it can be
concluded that the structure of LMNO does vary with increased calcination temperature.
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Figure 32: XRD comparison of LiMn2-xNixO4 powder prepared at calcination temperatures of 750, 850 and 950 °C
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The cyclic voltammetry graphs also displayed some differences in behaviour with a change in
calcination temperature. The scan for the LMNO prepared at 750 ۦ°C is displayed below in
Figure 33.
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Figure 33: Cyclic voltammetry scan of LiMn2-xNixO4 prepared at 750°C using a scan rate of 25
µV/s. The scan began at -0.75 V, scanning anodically until a potential of 0.3 V was reached,
whereby the scan was reversed, scanning back to -0.75 V.
Interestingly, there is a change of appearance in the curvature of the anodic peak, when
compared to the LMO material. There appears to be a small bump on the peak of the anodic
curve. This is assumed to be due to the presence of nickel within the cathode material matrix.
It is possible there is an overlapping of curves; one due to the oxidation of manganese and one
from nickel, giving the resulting curve. The unobscured anodic curve demonstrated by the
LMO material is due to the oxidation of manganese, as the oxidation number increases as the
lithium is removed. In the case of LMNO, it is suggested from the graph that the nickel can be
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the electroactive species, increasing in oxidation number, likely giving a second peak on the
cyclic voltammetry scan as shown above.
In terms of peak potential and current, the anodic peak voltage is -0.158 V with a peak current
of 0.404 mA. The cathodic peak potential is -0.512 V with peak current of 0.401 mA, resulting
in a ∆Ep of 0.354 V and current division of 1.007. The large value of 0.354 V for ∆Ep indicates
the system is partly reversible, supported by the value for current division, which is very close
to 1.
To understand how calcination temperature effects reversibility, the cyclic voltammetry scan
for LMNO prepared at 750 °C must be compared to the 850 and 950 °C versions (Figure 34
and Figure 35).
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Figure 34: Cyclic voltammetry scan results for LiMn2-xNix O4 prepared at 850 °C. The scan
was performed anodically using a scan rate of 25 µV/s starting at -0.7 V, returning once
reaching 0.3 V.
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The cyclic voltammetry scan results for LMNO prepared at 850 °C show two clear curves. The
anodic presents with some unsteady lines, perhaps due to poor connection due to the presence
of air bubbles, or possible hydrogen or oxygen gas formation. It is possible there is a second
peak superimposed upon the larger anodic peak, as seen in the 750 °C variant. This is difficult
to confirm, due to the unsmooth nature of the line, although there does appear to be some
indication of a second peak around the -0.2 V mark. Once again this is assumed to be due to
the oxidation of the cobalt within the material as lithium is removed.
The primary curves are still easily identifiable however. The peak voltage and current of the
anodic curve is -0.102 V and 0.39 mA respectively, whilst the cathodic peak demonstrates
values of -0.492 V and -0.252 mA. This results in a peak potential difference of 0.39 V and
current division of 1.25, indicating poor reversibility when compared to the sample prepared
at 750 °C which showed a ∆Ep of 0.354 V and current division of 1.01.
The final temperature tested for LMNO was 950 °C and is depicted in Figure 35.
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Figure 35: Cyclic voltammetry scan results for LiMn2-xNix O4 prepared at 950 °C. The scan
was performed anodically using a scan rate of 25 µV/s starting at -0.7 V, returning once
reaching 0.3 V.

Similar to observations made for the 750 °C scan, although more apparent in this case, there is
a sharp peak near the apex of the larger peak, at approximately -0.2 V. This appears to have
stayed relatively consistent over the three calcination temperatures. The larger, more broad
curves expected to be the manganese oxidation do change. In this particular case, the maximum
anodic current is associated with the narrower bump which isn’t centred over the larger peak,
however as the potential for this bump varies only slightly with temperature, this would not
give an accurate representation of the behaviour of the material. Therefore, the potential for the
broad peak must be taken. For the 950 °C sample shown above, the peak anodic potential and
associated current is -0.0621 V and 0.314 mA respectively. Cathodic values of -0.537 V and 0.417 mA give ∆Ep and current division values of 0.475 V and 0.753 respectively.
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From the cyclic voltammetry results for LMNO at various calcination temperatures, it can be
concluded that peak separation increases and current division increases with increasing
temperature, suggesting a reduction in reversibility with increasing calcination temperature. A
summary of the cyclic voltammetry results is displayed in Table 6.
Table 6: Cyclic voltammetry data for LiMn2-xNixO4 indicating reversibility change as a
function of calcination temperature
Epa - Epc
LMNO

Epa (V)

ipa (mA)

Epc (V)

ipc (mA)

(V)

│ipa/ ipc│

750

-0.158

0.404

-0.512

-0.401

0.354

1.01

850

-0.102

0.317

-0.492

-0.252

0.390

1.26

950

-0.0621

0.314

-0.537

-0.417

0.475

0.753

A discharge analysis was performed on LMNO prepared at each of the three temperatures, the
results shown in Figure 36
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Figure 36: Discharge times for LiMn2-xNixO4 prepared at 750, 850 and 950 °C. Each material
was charged to 1.9 V and then discharged at 0.250 mA/cm2
This best performing material was the LMNO prepared using a calcination temperature of 950
°C, which discharged in just under 8000 seconds. The sample prepared at 850 °C was the next
best performing, lasting 6100 seconds or 79% of the 950 °C material. The worst performance
was the 750 °C sample, which discharged in under 4000 seconds.
Both the LMNO prepared at 850 and 950 °C plateau at approximately 1 V, whereas the 750 °C
sample showed no sign of a plateau, instead constantly dropping in potential over the whole
discharge period. This is indicative of a structural change in material as lithium is intercalated
back into the material.
It is unknown what this structural change is and how this will impact the future performance
of the cell, however suggestions can be made after examining results obtained from other
literature sources. It is possible the change could be of benefit to the cell, as literature for
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standard LMO reports material prepared at lower calcination temperatures shows better cycling
behaviour (Lee et al., 2013). If the nickel doped variant behaves similar, as is indicated by the
cyclic voltammetry scans, the 750 °C variant may be the most reversible, and show superior
performance with further cycling.
It is possible that there is a slight bend in the 750 °C discharge curve, at ~2150 seconds. Past
studies performed on LiMn1.5Ni0.5O4 indicated two plateaus were observed upon discharge,
one attributed to the reduction of nickel from 4+ to 2+ oxidation state, and the other due to the
reduction of the Mn4+ to Mn3+. It is therefore suspected this may be the case for the 750 °C
variant here. Why this only occurred for the lower calcination temperature can also be
explained. It is stated by Lee et al (2013) that LiMn1.5Ni0.5O4 can have two different
crystallographic structures depending on synthesis temperature. The sample prepared at 700
°C in the study displayed a more ordered phase due to Ni2+ ions and Mn4+ ions occupying 4b
and 12b sites. Samples prepared of calcination temperatures of 800 and 900 °C showed more
disordered phases and presented different discharging behaviour. It is possible the lower
calcination temperatures for the production of LMNO material in this project cause similar
ordered phases, explaining the deviation in the discharge curve for 750 °C.
A difference between the three discharge curves is the rate of potential drop during the first
1000 seconds. The 750 and 950 °C show a very similar discharge curvature for this period of
time, however the 850 °C sample decreases rapidly and presents an unsteady line. This is
possibly caused by poor electrical connection within the cell. This could be caused by the anode
– electrode – cathode connection, or the alligator clips connecting the cell to the galvanostat. It
is not uncommon for less conductive rust to interfere with the readings. The clips were cleaned
with sandpaper, however there is unreachable portions of the clips, such as the inside of the
teeth that may still have had corroded portions.
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The zinc used in the cell was of a 0.3 mm thick sheet. If there was any curvature within the
zinc that wasn’t flattened out prior to cell implementation or with the compressive force of the
clamp, the contact between the zinc and other components may have been effected, creating
the discharge curve behaviour seen.
From the data obtained for the LMNO series, it can be concluded the reversibility decreases
with increasing temperature, whilst discharge performance improves for the first cycle.
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4.4. Summary and Key Comparisons
Table 7 illustrates the differences between the LMO, LMCO and LMNO materials prepared
and the effect of temperature on reversibility and discharge capacity.
Table 7: Cyclic voltammetry data for all material compositions and calcination temperatures
examined in this project.
Epa - Epc
Epa (V)

ipa (mA)

Epc (V)

ipc (mA)

(V)

│ipa/ ipc│

LMO 750

-0.0623

1.129

-0.442

-1.275

0.380

0.885

LMO 850

-0.0875

0.888

-0.423

-0.925

0.335

0.959

LMO 950

-0.0622

0.836

-0.532

-0.530

0.470

1.576

-0.162

0.327

-0.572

-0.694

0.410

0.471

-0.162

0.414

-0.477

-0.678

0.315

0.611

-0.167

0.527

-0.457

-0.418

0.290

1.261

-0.158

0.404

-0.512

-0.401

0.354

1.007

-0.102

0.317

-0.492

-0.252

0.390

1.258

-0.0621

0.314

-0.537

-0.417

0.4749

0.753

LMCO
750
LMCO
850
LMCO
950
LMNO
750
LMNO
850
LMNO
950
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In terms of reversibility, the standard LMO material synthesised at 850 °C displayed the best
result in terms of peak potential difference and │ipa/ ipc│ values. There was no clear trend in
reversibility with a change in calcination temperature for the LMO series. This varies from
literature, which suggest LMO should exhibit a decrease in reversibility with increasing
calcination temperature (Yi et al., 2006). Replication of this experiment would give a better
understanding of the accuracy of the results obtained.
The introduction of cobalt into the material matrix saw the lowest peak potential difference of
all materials examined, at 0.290 V using a calcination temperature of 950 °C, suggesting
superior reversibility. The general reversibility of the LMCO increased with increasing
temperature. The increase in reversibility over the LMO material can be attributed to the
differences in bond strength between Co-O and Mn-O bonds. The Co-O bond is stronger, and
as a result, the Li-O bond strength in the cobalt doped lattice is lower than LMO. Therefore,
more lithium ions can be extracted at lower potentials, showing an anodic peak which occurs
in a lower potential region (Zheng et al., 2014). The reversibility among the LMCO series
increased with increasing calcination temperature.
Nickel addition to the matrix saw a general decrease in reversibility with increasing calcination
temperature, the opposite of what was observed for the cobalt series. This is assumed to be due
to changes in the thermodynamically phase at higher temperatures, which was more stable upon
intercalation and deintercalation of lithium ions from the matrix. More research is required to
accurately identify the cause of these changes. This trend closely follows a literature study into
LMO which states increased calcination temperature leads to superior reversibility (Yi et al.,
2006).
Compared to the LMO, the addition of nickel saw quite similar reversibility behaviour, with
no clear benefit to overall reversibility.
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The discharge curves can also be compared for all the materials synthesised. The best
performing discharge curve for each of LMO, LMNO and LMCO are displayed in Figure 37.
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Figure 37:Best performing discharge and respective calcination temperature for each material;
LMO, LMCO and LMNO.
When looking at the best performing cathode material in terms of discharge capacity, both the
LMCO and LMO show maximum capacity when a calcination temperature of 750 °C is used.
LMNO on the other hand performs best at a synthesis temperature of 950 °C. The maximum
discharge capacity is displayed by LMCO at just under 8500 seconds. Discharging in 95% of
this time, LMO is the next best performing (8070 seconds) followed finally by LMNO which
achieved a discharge capacity of 92% of LMO or 7800 seconds. Therefore, in terms of

85

discharge capacity, the cobalt doped variant can be concluded as being the superior
composition for the first cycle. The standard LMO composition however presented a higher
plateau voltage of approximately 1.070 V, compared to the < 1 V associated with the LMCO
and LMNO materials. The potential difference is dictated by the site energy within the
structure, which is a function of the material composition. Addition of nickel and cobalt is
assumed to lower the site energy within the material, lowering potential. Therefore, it can be
concluded the LMO material prepared at a calcination temperature of 750 °C is superior in
terms of plateau potential, however in terms of pure discharge capacity, LMCO prepared at
750 °C showed the most potential. The overall superior material would greatly depend on
application and how the materials behave upon further cycling, which would require future
research.
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5. Limitations
This project aimed to assess the effect of calcination temperature on the synthesis of LMO,
LMCO and LMNO as well as perform electrochemical testing using cyclic voltammetry and
charge discharge tests. Although this was carried out, the electrochemical testing was
performed for one cycle. Being a rechargeable battery, the cell would realistically be charged
and discharged many times over its lifecycle. Literature studies (Manjunatha et al., 2011)
indicate the performance of lithium ion cells alter with respect to cycle number. The behaviour
observed on one cycle is unlikely to be the same behaviour observed upon the 20th cycle.
Although conclusions can be drawn from the tests performed, they cannot realistically be
extrapolated to predict the performance of each material after multiple cycles. Therefore, the
data collected in this project can only accurately provide an indication of the performance of
each material on the first cycle.
In terms of the experiments conducted, it is possible the performance of each material was
limited by passivation on the surface of the zinc electrode. This was only realised after the
project was concluded, hence there was no opportunity to conduct testing to further investigate
this possibility. The passivating zinc oxide layer can form when the zinc reacts with the
hydroxide ions in solution according to equations 8, 9 and 10. It is possible the limiting factor
in these experiments was in fact the zinc anode as opposed to the cathode materials synthesised.
−
𝑍𝑛 + 4 𝑂𝐻 − (𝑎𝑞) → 𝑍𝑛(𝑂𝐻)2−
4 (𝑎𝑞) + 2 𝑒

(8)

−
𝑍𝑛(𝑂𝐻)2−
4 (𝑎𝑞) → 𝑍𝑛𝑂(𝑠) + 2 𝑂𝐻 (𝑎𝑞) + 𝐻2 𝑂(𝑙)

(9)

𝑍𝑛 + 2 𝑂𝐻 − (𝑎𝑞) → 𝑍𝑛𝑂(𝑠) + 𝐻2 𝑂(𝑙) + 2 𝑒 −
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(10)

6. Conclusion and Recommendations
In this paper, the synthesis conditions and electrochemical performance of LiMn 2O4, LiMn1.8
Co0.2O4 and LiMn1.8 Ni0.2O4 were assessed. It was found calcination temperature has a
significant effect on the structure and electrochemical performance. In the presence of an
aqueous electrolyte of LiOH and ZnSO4. Cyclic voltammetry scans demonstrated increased
reversibility with the addition of cobalt, and no significant change with nickel doping. An
increase in calcination temperature was associated with an increase in reversibility for cobalt
doped LiMn2O4 and decrease in reversibility for the nickel doped variant.
A charge discharge study found the optimal calcination temperature for the synthesis of
LiMn2O4 and LiMn1.8 Co0.2O4 whilst 950 °C was the best performing nickel doped variant.
Overall, introduction of cobalt was seen to increase discharge capacity by 5.0 %, whilst nickel
reduced discharge performance by 2.8 %.
This project confirms the suitability of lithium manganese oxide of the spinel form for use in
aqueous electrolyte. It has been largely studied as an alternative to dangerous organic based
lithium ion batteries and has shown promising results. Increasing safety, cost and
environmental impact, spinel lithium manganese oxide has the possibility of being
commercialised as the need for portable energy storage increases with implementation of more
renewable energy sources.
Recommendations for future research in the field of energy storage are as follows. The main
issue which is preventing the wider adoption of aqueous lithium ion batteries is the operating
potential governed by water. Organic based lithium ion cells are capable of producing several
volts higher than aqueous forms, demonstrating a significantly higher power density. This
makes them more attractive, however with further research into aqueous based batteries, it is
possible that an increased operating potential, coupled with the environmental and safety
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benefits, aqueous lithium ion batteries would become more widely adopted as a form of energy
storage.
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8. Appendix
The following figures (Figure 38 through Figure 46) show the charge and discharge profiles of
each material prepared at 750, 850 and 950 °C.
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Figure 38: Charge discharge profile of LMO prepared at 750 °C
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Figure 39: Charge discharge profile of LMO prepared at 850 °C
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Figure 40: Charge discharge profile of LMO prepared at 950 °C
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Figure 41: Charge discharge profile of LMCO prepared at 750 °C
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Figure 42: Charge discharge profile of LMCO prepared at 850 °C
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Figure 43: Charge discharge profile of LMCO prepared at 950 °C
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Figure 44: Charge discharge profile of LMNO prepared at 750 °C
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Figure 45: Charge discharge profile of LMNO prepared at 850 °C
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Figure 46: Charge discharge profile of LMNO prepared at 950 °C
The following graphs (Figure 47 through Figure 54) show the XRD of the cathode pellet before
and after it was exposed to charging.
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Figure 47: Initial vs charged pellet XRD of LMO prepared at 750 °C
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Figure 48: Initial vs charged pellet XRD of LMO prepared at 850 °C
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Figure 49: Initial vs charged pellet XRD of LMCO prepared at 750 °C
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Figure 50: Initial vs charged pellet XRD of LMCO prepared at 850 °C
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Figure 51: Initial vs charged pellet XRD of LMCO prepared at 950 °C
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Figure 52: Initial vs charged pellet XRD of LMNO prepared at 750 °C
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Figure 53: Initial vs charged pellet XRD of LMNO prepared at 850 °C
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Figure 54: Initial vs charged pellet XRD of LMNO prepared at 950 °C
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