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Nickel-doped lithium manganate spinels are a potential material for future energy storage owing to high cell potential and
low price. Phase-pure spinels are difficult to prepare by conventional solid-state synthesis methods owing to loss of oxygen
from the crystal lattice at high temperature (~800°C). Loss of oxygen causes Jahn—Teller distortion and Mn*" is converted
into Mn>", which results in undesired double-plateau discharge and reduction in capacity and stability of the material. In
this study, nanocrystalline phase-pure LiNijy sMn,; sO4 was prepared by co-precipitation with cyclohexylamine followed
by calcination at a low temperature of 500°C. X-ray diffraction studies confirmed that a highly crystalline face-centred
cubic product is formed with F-d3m space group. Scanning electron microscopy and transmission electron microscope
studies confirmed that the particles are in the nano range with a porous structure. The as-prepared LiNiy sMn; 504 showed
a high initial specific capacity (up to 130mAh g™ ") and retained up to 120 mA h g_1 up to 50 cycles. The material has high

conductivity and remains stable up to a 20-C discharge rate.
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Introduction

Development of alternative energy resources for vehicular
application is a key area of research due to diminishing fossil
fuels and rising environmental concerns.!' ! Research efforts
are focussed on the field of solar cells,™ fuel cells,”! and bat-
teries® as an energy source for electric and hybrid vehicles. All
these technologies require advanced rechargeable batteries for
energy storage and balancing. In recent years, the lithium ion has
become the most popular rechargeable battery technology for
consumer and portable electronics. The key features of lithium-
ion batteries are low self-discharge, and high energy and power
densities with a wide range of operating temperatures.l’”!
These batteries are based on the ‘rocking’ of lithium ions
between the anode and cathode.!'”! These batteries utilize car-
bon as anode and transition metal oxides as cathode material to
host the lithium ions during the charge—discharge process.!'"!
Various cathode materials include layered lithium cobaltates,
olivine lithium iron phosphates, and spinel lithium manga-
nates.['”) Among these, lithium manganates are considered most
suitable for electric vehicles owing to their low price, ease of
preparation, and environmentally friendly nature.!*~'") Lithium
manganates in their current state cannot meet the power and
energy density requirements of the electric vehicle market.['®!
Various efforts have been made to increase the power and
energy densities of lithium manganate spinels by coating
them with carbonaceous materials, doping with metals and
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non-metals, and preparation of nanostructures.!'”*! Among
these, the nanoscale materials have led to a tremendous increase
in the specific energy density but electrical conductivity remains
the key problem.*'! Various efforts have been made to dope
lithium manganates with transition metals such as cobalt,
nickel, chromium, and copper to get high-voltage material that
will lead to improved power density.[**?*! Among these, nickel-
doped lithium manganates have gathered the most interest due
to a high cell potential of 4.8 V, better electrical conductivity,
and good cyclability. Coupling of nanoscale synthesis with
nickel doping has resulted in a remarkable increase in the energy
and power densities.>**! Lack of a simple synthesis method
and high-potential-resistance electrolytes are the two major
hurdles in the commercialization of nickel-doped lithium
manganates.[*”! Various efforts have been made to develop
a simple and efficient method for the preparation of
LiNig sMn; s04. These include solid-state, solution-phase, sol-
gel, spray pyrolysis, thin-film, molten-salt, and combustion
methods.*°*? In ideal LiNig sMn; 504, a redox process occurs
by insertion—de-insertion of the lithium ion into the 8a site of the
crystal lattice with oxidation—reduction of the Ni*™/Ni*" cou-
ple. In a perfect LiNiy sMn; 5O, crystal lattice, nickel should be
in the 42 and manganese in the +4 oxidation state. The solid-
state process involves high-temperature treatments, which result
in loss of oxygen from the lattice and cause Jahn—Teller dis-
tortion. This causes reduction of Mn** to Mn>*, which results in
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Fig. 1. Thermogravimetric analysis (TGA) curve of the precursor heated from 50 to 950°C.

the appearance of a second undesired discharge plateau at 4 V
and a decrease in overall energy and power density.[**~* In the
present work, we have synthesized phase-pure LiNiy sMn; 504
at low temperature. The low calcination temperature prevents
structural distortion and the formation of Mn>" is avoided.

Experimental

The nano-sized LiNigsMn; sO, powders were prepared by a
co-precipitation method. All the materials used in this synthesis
were AR grade and used without further purification. Appro-
priate amounts of Li,CO;, Mn(CH3COO),-4H,O and Ni
(CH3CO00),-4H,0 were mixed in a minimum amount of pure
ethanol to get an Li: Mn : Niratio of 1.05: 0.5 : 1.5 respectively.
A slight excess of lithium was used to compensate for evapo-
ration during the high-temperature calcination process. An
appropriate amount of cyclohexylamine was added to the mix-
ture to get a cation : cyclohexylamine molar ratio of 1 : 1.5. The
excess reagent was used to completely precipitate all the cations
and create pores and voids by decomposition of the excess
reagent during the calcination process. The reaction was
refluxed for 4 h. The precipitate was filtered and washed with
ethanol. The solid precursor obtained was dried at 100°C. The
precursor was then transferred to a furnace for calcination and
annealing, under an air atmosphere, following two subsequent
temperature ramps at 10°C min~"' from 20 to 300°C and from
300 to 500°C with intermediate grinding. Heat treatment at
500°C was continued for 12 h under an air atmosphere. X-ray
diffraction was performed on a Philips X-Pert PRO 3040/60
diffractometer with Cu-Ko radiation at 40kV and 40 mA in the
20 range 10-70° at a scan speed of 60 s per step. Data refinement
was performed with MDI Jade software. The morphology of the
product was investigated on a Jeol JSM-5910 operating at
20 keV. The particle size of the sample was evaluated with a Jeol
JEM transmission electron microscope (TEM). Specific surface
area was analysed by nitrogen adsorption—desorption isothermal
measurements at —196°C with an automatic surface area ana-
lyzer Autosorb-1 Model AS-10-LP. Electrical conductivity
measurements were performed with a Keithley 2001 digital
multimeter on circular pellets of a diameter of 10 mm and
thickness of 2mm, sintered at 500°C. Active materials were
pressed into 10-mm diameter pellets with a hydraulic press at

5 MPa. Electrochemical performance was studied in coin-type
cells with 20-mm diameter and 2.5-mm thickness (2025 coin
cell). The typical cathode slurry was prepared by mixing the
active material (80 wt-%), carbon black (15 wt-%), and poly-
vinyledene diflouride (PVDF) binder (5wt-%) in N-methyl
pyrrolidione (NMP) as solvent. The slurry was then coated on a
1.8-cm diameter aluminium current collector followed by dry-
ing ina vacuum oven for 8 h at 100°C and then pressed at 10 MPa
in a hydraulic press. Coin cells were assembled in a high-purity
argon-filled glove box with a concentration of H,O <5 ppm
and O, < 10 ppm. Lithium foil was used as negative electrodes
and three-layered polypropylene—polyethylene—polypropylene
membrane was used as a separator. The cell was flooded with
1 M lithium hexafluorophosphate (LiPFy) electrolyte in ethyl-
ene carbonate : dimethyl carbonate (1:1). Cells were charged—
discharged between 4.2 and 3V at 0.1 C. High-rate discharge
performance was checked by charging at 0.2 C and discharging
at 1,5, 10 and 20 C.

Results and Discussion
Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to find the
calcination temperature and thermal stability of the product.
Fig. 1 shows the TGA curve of the precursor from 50 to 950°C
in air. As indicated in Fig. 1, four mass losses are found in
the TGA curve. The weight loss below 220°C may be attributed
to the evaporation of solvent and surface-adsorbed moisture,
the second weight loss between 220 and 340°C can be assigned
to the decomposition of the excess cyclohexylamine reagent,
the third weight loss between 340 and 350°C is due to the
decomposition of the precursor organic framework. There is no
weight loss between 400 and 800°C, which shows that a
product is formed at 350°C and is thermally stable up to 800°C.
The fourth weight loss is found after 800°C, and can be
attributed to the loss of oxygen from decomposition of
LiNip sMn; 50,.2%%"

It is clear from the results that decomposition of the precursor
is complete at 350°C, but we selected 500°C for the calcination
of the precursor, which not only ensures the complete decom-
position of the organic framework but results in better
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Fig. 2. Powder X-ray diffraction pattern of LiNiy sMn; sO4.

Table 1. X-ray diffraction (XRD) data of LiNiysMn; 504
d, interlayer spacing; 7, intensity; FWHM, line width at half maximum;
D, crystallite size; hkl, Miller indices

2Theta d[A] Height 1[%] Area FWHM DJ[A] hkl

18.764  4.7252 242 100.0 4767 0.167 600 111
36.274 24744 102 42.1 3199 0.267 338 311
37.982 23670 32 13.2 878 0.233 399 222
44.084  2.0525 93 38.4 3627 0.331 271 400
48.517 1.8748 35 145 1447 0.351 259 331
58.193 1.5840 39 16.1 1199 0.261 377 333
64.015 1.4533 55 22.7 1999 0.309 320 440
69.432 1.3525 36 14.9 873 0.206 536 531

crystallinity of the sample without compromising on the struc-
ture disintegration.

X-ray Diffraction Studies

X-ray diffraction (XRD) analysis was performed to find the
crystallinity, phase, crystallite size, and purity of the prepared
sample. Fig. 2 shows the XRD pattern of LiNiy sMn; sO4 pow-
der. All the diffraction peaks at 20 values 18.7, 36.2, 37.9, 44,
48.5, 58.1, 64, and 69.4° can be assigned to a phase-pure face-
centred cubic spinel structure with space group Fd-3m. In this
structure, lithium ions occupy 8a sites while Mn and Ni ions
occupy 16d sites randomly. Oxygen ions with cubic close-
packing occupy the 32¢ position.*”! The low-temperature syn-
thesis has prevented the transformation of the disordered Fd-3 m
structure into an ordered P4532 spinel structure. Previous studies
have confirmed that the disordered Fd-3 m spinel structure has
better cycling stability compared with the ordered one. The
formation of a disordered structure is confirmed by the presence
of small diffraction peaks at 20 values 37.6,43.7,and 63.5°. The
diffraction peaks are well defined but broad, which indicates that
the sample is nanocrystalline. The strong (111) peak indicates
that the product is highly crystalline and (111) textured. Crys-
tallite size was calculated with Scherrer’s formula according to
the following equation:l**3),

D=10.9//fcos0

where D = crystallite size in A; J.=154A for Cu-Ko; and
B =FWHM (line width at half maximum).

Interlayer distance (d), intensity of peaks (/), line width at
half maximum (FWHM), crystallite size D and Miller indices
(hkl) are summarized in Table 1.
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Fig. 3. Scanning electron microscopy (SEM) images of LiNiy sMn; sO4
nanoparticles.
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Fig. 4. Transmission electron (TEM)

LiNip sMn; 50,4 nanoparticles.
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Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) was performed to inves-
tigate the morphology and porosity of the LiNig sMn; 5sO4. It can
be seen in Fig. 3 that LiNiy sMn; 5O, powder is porous in nature,
which is a positive outcome of the synthesis process. Decom-
position results of the excess reagent results in the formation of
pores and channels. These pores and voids act as micro reser-
voirs for the electrolyte and facilitate ionic movement during the
charge—discharge process, which in turn improves the energy
and power densities. The powder is composed of 0.5-1-um
agglomerates. All the particles are in good contact with each
other, which is helpful for improved current collection. This
results in an improved power density of the product.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) analysis was used to
observe the average particle size, the particle size distribution,
and the aggregate morphology of the synthesized powders. The
average particle size observed by TEM micrograph is ~40-
50nm. The crystallite size calculated from XRD analysis and
particle size calculated from TEM are in good agreement with
each other. This indicates the absence of grains inside the
boundary, which imparts mechanical strength and strong elec-
trical contact within the particles. The TEM micrograph clearly
indicates that particles are uniform in size and geometry. The
cubic particles confirm the three-dimensional growth of the
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face-centred cubic crystals of the product. Thus, highly crys-
talline and defectless crystals are produced at low temperature
avoiding Jahn—Teller distortion and lattice destruction. It is clear
from Fig. 4 that all the particles are in contact with each other
and have a porous morphology, which is helpful in the electronic
and ionic conductivity respectively. The formation of well-
defined nanoparticles results in increased surface area, which
produces high current and power densities.

Composition Analysis

The composition of LiNigsMn,; 50, was analysed by energy
dispersive X-ray spectroscopy (EDX) and inductively coupled
plasma spectroscopy (ICP). It can be seen from the EDX spec-
trum that nickel, manganese, and oxygen are present in the
sample in the required amounts There is a small carbon peak,
confirming the presence of carbon in the sample as a residue of
the organic precursor. This carbon is beneficial for the product
and results in improved electrical conductivity. The elemental
composition of the sample analysed by EDX and ICP analysis is
summarized in Table 2. The EDX spectrum (Fig. 5) is in close
agreement with already published data.l>> The characteristic
peaks of the Mn, Ni, O, and C are present at their respective
position in the EDX spectrum. The slight deviation of the
composition from theoretical values is an indication of the dis-
ordered structure of the product. Results of the ICP and EDX
analysis are in close agreement.
Table 2. Elemental composition of LiNiysMn; 504
ICP, inductively coupled plasma spectroscopy; EDX, energy dispersive
X-ray spectroscopy

Element ICP [%] EDX [%] Theoretical values [%]
Lithium 3.80 - 3.799
Nickel 14.98 15.01 16.062
Manganese 45.21 45.15 45.106
Oxygen - 34.98 35.031
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Fig. 5. Energy dispersive X-ray spectroscopy (EDX) spectrum of

LiNi0_5Mn1_5O4.
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Specific Surface Area Analysis

The sample was degassed at 150°C for 2h under a nitrogen
atmosphere. Brunauer, Emmet, Teller (BET) and Langmuir
surface areas of the product were found to be 13 and 15.2m? g~
respectively. The BET surface area is higher than the previously
reported data of 0.5 to 7 m? gfl.[56758] This enhanced BET
surface area is the result of the nanosize of the particles and
porous structure of the material. The large surface area provides
a higher reaction surface, which results in an improved charge—

discharge performance of the material.

Electrical Conductivity Studies

The electrical conductivity of the LiNiy sMn; 504 was measured
by two-point conductivity measurements using a Keithey 2001
digital multimeter. The electrical conductivity of the sample was
found to be 5.23 x 10~ *Scm ™', This value is higher than for
conventional LiNijy sMn; sO4 with an electrical conductivity of
1.12 x 10> Sem "% This higher electrical conductivity is
the result of the nanocrystalline nature and better contact within
particles. It is also well known that organic precursors produce
carbon impurities in the product, which enhance the electrical
conductivity of the sample. Carbon is present in the product as
indicated in the EDX analysis.

Discharge Behaviour

The electrochemical performance of the synthesized
LiNiy sMn; 504 was evaluated in a coin-type 2025-size cell. The
electrical performance of the material is summarized in Table 3.
The cell was charged—discharged at 0.2 C to confirm the first-
cycle capacity and cycle life studies. Cells were charged at 0.2 C
and discharged at 1, 5, and 20 C to check the high-rate discharge
performance. Previous literature indicates that there are two
plateaus in the discharge curve of LiNigsMn; sO,4 The first
plateau at ~4.7 V is due to the redox couple Ni*"/Ni**. This is
the desired plateau due to high cell output. The second plateau at
~4V is due to the presence of Mn ™ ions as an impurity in the
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Fig. 6. Charge—discharge curve of LiNiy sMn; sO4 at various rates.

Table 3. Electrical performance of LiNiysMn; 504

Sample composition  Open circuit Onload voltages [V]

voltage VI go¢c  1c  20C

Electrical
conductivity [Sem ']

Discharge capacity [mAhg™']
02C 1C 20C

LiNip sMn; 504 4.87 4.81 4.76 4.64

130 120 100 523%x10°*
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Fig. 8. Variation in discharge capacity with different discharge loads.

sample. It is desired that manganese should be in the +4 oxi-
dation state because Mn " is unstable and cause dissolution of
the manganese ions and destabilization of the structure.[***]
The 4.1-V plateau is more pronounced in samples prepared by
solid-state reactions.*’>'! These reactions require high tem-
peratures and prolonged heating times with intermediate
grinding. The process has manifold problems in synthesizing
and obtaining a pure product. At high temperature (~800°C),
LiNip sMn,; 504 loses oxygen from the crystal lattice and Mn*"
is converted into Mn> ", thus resulting in the development of the
second undesired plateau at 4.1 V.

The charge—discharge curves of LiNiy sMn; 504 between 3.5
and 4.95V at 0.2 C are shown in Fig. 6. The product exhibits
almost a flat 4.7-V discharge curve at 0.2 C. At the end of the
discharge, a small 4-V plateau is observed. The discharge
capacity due to the 4.7-V plateau is more than 90 % at 0.2 C
and more than 94 % at a 1-C discharge rate, indicating a very
small amount of Mn®" in the crystal structure. This is a desired
result and much better than the previous results with 14 to 20 %
4-V plateau.***) Discharge capacity reaches 130mAh at
0.2 C, which is 8 % greater than the already reported results.[*)
With cycling, a slight decrease in the discharge capacity is
observed, which is common owing to the reaction of the product
with electrolyte.'! The cell delivers more than 94 % capacity
after 50 cycles. The capacity remains almost stable after a slight
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initial loss in first-cycle capacity. The discharge capacity is
greater than 120mA hg~' even after 50 cycles. Fig. 7 shows the
variation in discharge capacity at different loads. First-cycle
capacity at 0.2 C reaches 130mAh g_l, which decreases
slightly with cycling at 0.2 C. There is a slight decrease in
discharge capacity at 0.5 C, which remains stable for five cycles.
Performance at 1, 5, 10, and 20 C is stable and the cell recovers
to original capacity when cycled at 0.2 C (Fig. 8). This improved
performance is the result of the high electrical conductivity and
porous structure of the material.

Conclusion

High-voltage transition metal-doped lithium manganates are
potential cathode material for future lithium-ion batteries for
electric vehicles and communication devices. Nickel-doped
LiNipsMn; 504 has a high cell potential of 4.8V and
high energy and power densities. Preparation of phase-pure
LiNip sMn,; 504 is a challenging task. The conventional solid-
state synthesis method requires prolonged heating at high
temperature, which results in oxygen loss from the crystal
lattice and causes loss of cell performance. In this study, a low-
temperature synthesis route was demonstrated for the synthesis
of LiNij sMn; 504. Cyclohexylamine was used as precipitating
agent and the resulting organic precursor decomposed at low
temperate to produce highly crystalline phase-pure product. The
prepared powder has high electrical conductivity and exhibits
superior discharge behaviour. First-cycle discharge capacity
reaches 130mA hg ™' and remains stable up to 50 cycles. The
synthesized material is stable at high discharge rates and no
performance loss occurs on cycling at 20 C.
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