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Abstract — Lithium ion batteries (LIBs) are widely used in 
electronic devices such as mobile phones and laptops as well as 
electric vehicles. LIBs have the highest specific energy (amount 
of energy stored per kilogram of battery or electric material) out 
of all commercialized battery options. The cathode material 
used in LIBs is typically Lithium Cobalt Oxide (𝐋𝐢𝐂𝐨𝐎𝟐 ) of 
which the major chemical constituent is cobalt: a toxic, 
expensive, unsustainably sourced metal. In this study, we 
synthesised and evaluated the performance of an alternative, 
cobalt free cathode material, Lithium Nickel Manganese Oxide 
(𝐋𝐢𝐍𝐢𝟎.𝟓𝐌𝐧𝟏.𝟓𝐎𝟒 ). 	 It is much cheaper, less toxic, and has the 
potential to match the specific energy of Lithium Cobalt Oxide 
(𝐋𝐢𝐂𝐨𝐎𝟐) cathodes. 𝐋𝐢𝐍𝐢𝟎.𝟓𝐌𝐧𝟏.𝟓𝐎𝟒	was successfully synthesized 
through a new molten salt synthesis where precursors of LiOH, 
LiCl, 𝐍𝐢(𝐎𝐇)𝟐 and either	𝐌𝐧𝟐𝐎𝟑 (𝐌𝐧𝟑4) or 𝐌𝐧𝟐𝐒𝐎𝟒 (𝐌𝐧𝟐4) were 
mixed in a crucible and heated in a furnace. The sample was later 
characterized via X-Ray Diffraction and Scanning Electron 
Microscopy imaging. Battery cells were then assembled and 
subjected to electrochemical testing at room temperature. Our 
results showed a reversible capacity of 120 milliampere hours 
per gram (mAh/g) at 0.1 Coulombs (C) rate, and a discharge 
voltage of 4.6 Volts. The synthesized material exhibited a 
comparable specific energy to 𝐋𝐢𝐂𝐨𝐎𝟐. 

I. INTRODUCTION 

Lithium ion batteries (LIBs) traditionally consist of four main 
components: a graphite anode, a metal oxide cathode, a separator 
material and a liquid electrolyte. These batteries work by shuttling 
lithium ions from the metal oxide cathode to the graphite anode 
through the electrolyte. This releases electrons in the process at 
high voltages of 3-4 Volts (V) in order to power or charge a device. 
Cathodes typically account for almost 40% of battery mass, 
therefore, innovations in cathode materials can dramatically 
impact the cost, specific energy, and toxicity of LIBs [1]. The most 
common cathode material used is Lithium Cobalt Oxide (LiCoO;). 
Other common variations including Li(Ni=/3Mn=/3Co=/3) 	O; 
(NMC) also use cobalt [as cobalt generally allows for a high 
specific energy. However, cobalt is expensive with prices ranging 
from $41000 to $81000  per ton [2][3]. This is 4-8 times higher than 
the cost of Nickel and 20-40 times the higher than the cost of 
Manganese [4][5]. Moreover, 70% of the world’s cobalt comes from 
mines in the Democratic Republic of Congo (DRC). Many such 
mines are controlled by warlords, rendering supply to be unstable. 
Cobalt mining in the DRC also involves child labor, causing 
children severe respiratory problems and systemic poisoning as 
cobalt is highly toxic [6]. These factors make cobalt usage in Li-ion 
batteries unsustainable. Nickel and manganese are less toxic, 
significantly cheaper, and are sourced in a more sustainable 
manner. 

A potential cathode material alternative is lithium manganese 
oxide ( LiMn;O@ ). However, using the material limits battery 
voltage to 4V, decreasing specific energy (amount of energy a 
cathode material can hold). LiMn;O@  also has poor structural 
stability, therefore losing capacity quickly. Adding  
Nickel helps to increase voltage to 4.6V whilst improving capacity 
retention over a number of cycles (the number of full charges and 
discharges cell undergoes, done to simulate commercial 
application) as nickel doping stabilizes the crystal structures [6]. 
Hence this project focused on the variant LiNiA.BMn=.BO@which 
contains significantly less toxic metals whose mining does not 
involve the child labor that a LiCoO; cathode would. We devised 

and tested a synthetic route which enables high specific energy 
and capacity retention, producing a feasible alternative to LiCoO;. 

II. METHODS 

Material Synthesis and Cathode Fabrication: 
 An improved molten salt method was used to fabricate the cathode’s 
active material LiNiA.BMn=.BO@. The method entails the melting of salts 
in order to release their ions from ionic bonds so that they may easily 
react. In batch 1, precursors of LiOH, LiCl, Ni(OH);, and Mn;OD (MnD4) 
were mixed in crucibles 1 & 2 in the ratios of 4:2:3. In batch 2, the same 
procedure was followed substituting Mn;OD   for Mn;SO@  (Mn;4). All 
crucibles were heated at 900ºC for 3 hours. Crucibles 2 of both batches 
were reheated at 850 ºC under identical conditions. Excess oxygen was 
present in the furnace.  

LiOH  + LiCL + Ni(OH)2 + Mn2O3 + 𝐎𝟐𝐋𝐢𝐍𝐢𝟎.𝟓𝐌𝐧𝟏.𝟓𝐎𝟒. 

Figure 1 (above): Predicted reaction with Mn2O3 

 Following this, the synthesized material was mixed with Super P 
Carbon Black (increases electrical conductivity) and Polyvinyl Fluoride 
(acts as binder), in the ratio of 70:15:15. The mixture was then dispersed 
ultrasonically in N-methyl Pyridine (NMP) solvent. The resulting slurry 
was coated onto aluminum foil and dried at 80 ºC for 10 hours to remove 
the NMP solvent. Electrodes were cut out of the foil. 

III. MEASUREMENTS 

Material Characterization: 
 Crystal structure and morphology (microscopic characteristics of 
material) were evaluated using X-ray diffraction and Scanning electron 
microscopy (SEM) imaging. Lattice parameters were evaluated using 
TOPAS. 
Battery Cell Testing: 
 The battery half-cells consisting of the fabricated cathode // 1MLiPF6 
electrolyte (EC;DEC) // Polymer separator // Lithium metal foil, were 
assembled in a glove box with an inert Argon atmosphere. The cell was 
in a CR2016 coin cell configuration and subjected to galvanostatic testing 
in a Bitrode Battery Tester to determine capacity. Cyclic voltammetry in 
a Biologic Macpile instrument was conducted to determine cell voltage 
[7]. 

IV. RESULTS AND DISCUSSION 
 X-Ray Diffraction (XRD) patterns for the sample prepared are shown 
in Fig. 2. The crystal also has a fixed lattice parameter value of a= 8.024 Å 
(angstrom). The XRD patterns of LiNiA.BMn=.BO@  synthesized with 
Mn2O3 (Fig. 2) match with reported values of the spinel-based material, 
suggesting that the spinel structure was formed [8].  Moreover, the SEM 
image (Fig. 4) indicates good morphology with small, consistent particle 
sizes which are conducive to battery performance.  
 While the same material synthesized with MnSO4 shows similarities 
to the literature XRD values (figures not shown), it also shows a mixture 
of NiO and LiNiA.BMn=.BO@  phases which indicates that the crystal 
structure of the material in the batch is not in a single phase. SEM 
imaging (Fig. 3) also indicates inconsistent morphology, suggesting the 
same.  

Figure 2 (above): XRD Patterns of LiNiA.BMn=.BO@prepared with Mn;OD
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Figure 3-4 (from left to right): SEM Imaging of material prepared with 
𝑀𝑛;𝑆𝑂@ (left) and 𝑀𝑛;𝑂D (right) at 900ºC. 6500x magnification used. 
 
 Electrochemical Performance of LiNiA.BMn=.BO@ by galvanostatic 
cycling and cyclic voltammetry are shown in Fig. 5-6.  

Figure. 5-6 (from left to right): Capacity versus cycle number plot (cycled from 
3.5 to 4.8V) and Cyclic Voltammetry curve (scan rate: 0.058mV/sec). Both 
curves are of cells assembled from 𝐿𝑖𝑁𝑖A.B𝑀𝑛=.B𝑂@ synthesized from 
𝑀𝑛;𝑂D	precursor that was not reheated. 
 
 As shown by the Cyclic Voltammetry Curve (Fig. 6), the cathode has 
a charge/oxidation voltage peak of 4.8V and discharge/reduction peak 
at 4.6V. The compound exhibits a reversible capacity of 122 mAh/g at 
0.1C rate. Over the course of 100 cycles the capacity drops to 114 mAh/g. 
This indicates excellent capacity retention of 93%, comparable to most 
commercially used cathode materials. Thus the initial specific energy of 
synthesized LiNi0.5Mn1.5O4 cathode calculated by: 
 
Specific Energy (Wh/kg) = Voltage (V) * Specific Capacity (Ah/kg) 
 
Figure 7 (above): Specific Energy Equation 
 
is approximately 561 Wh (watt hours)/kg. This is slightly higher than a 
Lithium Cobalt Oxide cathode which has a discharge voltage of 3.7V, a 
practical capacity limit of 150 mAh/g, (8) and thus a slightly lower 
Specific Energy of 555Wh/kg. If the synthesized material were to replace 
the LiCoO; cathode in the same battery, the battery would provide 
approximately the same amount of energy per unit mass, given the 
similarity in the two materials’ specific energy.  
 

 

 

 

 

 

 

 

 

 

 

 

V. CONCLUSION 

 In conclusion, the crystalline LiNiA.BMn=.BO@ has been successfully 
synthesized through a facile molten salt method. It was demonstrated that 
precursors Mn;OD , LiOH, LiCl, and Ni(OH);  heated at of 900ºC for 3 
hours produced the desired morphology as indicated by XRD patterns 
and SEM Techniques. The electrochemical tests indicate that the material 
produced a discharge voltage higher than conventional Li-ion batteries 
and has a specific energy of 561 Wh/kg, which matches the LiCoO; 
cathode. Moreover, the material costs less than a quarter the price of 
LiCoO; . These characteristics in addition to obviating the need to 
unsustainably source cobalt indicate that our synthetic route producing 
LiNiA.BMn=.BO@ is a viable alternative to the commercially used LiCoO; 
cathode. 
 The next step would be to test this material in a Li-ion 18650 cell for 
commercial applications. Future research would focus on enhancing this 
cathode material’s energy storage capacity and electrochemical stability by 
introducing glycine to produce the material’s nanoparticle form. 
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