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The effect of fuel mixture and annealing temperature on the structural properties and electrochemical perfor-
mance of Lij 20Mng 52Nig 20C00.0802 powders prepared by the combustion synthesis were studied. Different
combinations of citric acid fuel and ammonium acetate along with post-temperature treatments could be used to
control the product characteristics. Simultaneous thermal analyses and thermodynamic modelling were used to
describe the combustion processes. The analysis of the XRD data and other reports showed that the synthesis
method and chemical compositions of lithium-rich layered oxides (LLO) could influence their description either
as a solid solution or a ‘composite’ structure. The annealing temperature greatly influenced the lattice param-
eters, unit cell volumes, crystallite sizes, and cationic disorder of the samples whilst the use of fuel mixture had
little effect. Furthermore, the electrochemical performances of the cathode materials were studied and the
relationship with the structural properties of the powder samples were analysed. The Li; 20Mng 52Nig.20C00.0802
powders synthesized with only citric acid fuel (100-T) displayed the best electrochemical performance compared
with those produced using the fuel mixtures. The enhanced electrochemical performance of the 100-T cathodes
was shown to be an integrative property of the highest values reported for their structural properties. The results
show that citric acid assisted combustion and annealing temperature (mostly with pre-annealing) could be used

to optimize the electrochemical performance of LLO cathode materials.

1. Introduction

Lithium-ion batteries (LIBs) have attracted a lot of interest as energy
storage systems because of their high energy density, rechargeability,
portability, and low costs. One effective way to improve the electro-
chemical performance of LIB is to optimize the structural properties of
the cathode or anode materials. It has been shown that both the specific
capacity and cycling stability of LIBs depend greatly on the electrode
materials. Specifically, studies have shown that the operating redox
potentials, cost of production, safety, energy density, power density and
the stability of LIBs are determined by the positive electrode [1-4].
Therefore, in recent years, the pursuit of high capacity, stable and safe
positive electrode is one of the most prevalent topics in material sci-
ences. The lithium-rich layered oxides (LLOs) are considered to be one of
the most promising next generation cathode materials for LIBs. Gener-
ally, the LLOs can be represented in their composite form
(xLioMnO3-(1-x)LiMO>) or in their solid solution form (Li;{xMjxO2)

* Corresponding author.

where M = Co, Ni, and Mn. They are very attractive due to their low cost
of production, less toxicity, and can deliver very high capacities of >200
mAh/g when charged above 4.5 V [4-7]. In spite of all these advantages
over other conventional cathode materials, LLOs demonstrate perfor-
mance limitations such as poor initial Coulombic efficiency, poor rate
capability, voltage and capacity fade that affect their practical
applications.

To address these performance limitations, various approaches such
as surface modification [8,9], lattice doping [10,11], core-shell structure
design [12,13], nanostructure design [14], spinel structure doping [15,
16], and optimization of the synthetic route [17,18] have been inves-
tigated. It is well known that the method of synthesis can be used to
influence structure, morphology and particle size of synthesized mate-
rials, which in turn can affect their electrochemical performance. Syn-
thetic routes such as sol-gel [19], mechanochemical [6,12,13],
hydrothermal [20], co-precipitation [21], and combustion synthesis
[22-24] have been used in synthesizing LLO cathode materials.
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However, combustion synthesis has proven to be a very convenient
method of preparing oxides due to its simplicity, low cost of production,
easy scalability, energy and time conservation [22-24].

In combustion synthesis, the product characteristics such as
morphology and size can be influenced by some tunable parameters like
nature and mixture of fuels, fuel-to-oxidiser ratio and subsequent
annealing of the as-combusted products using variable temperatures.
Even though products from combustion synthesis have a porous
morphology as a result of the evolution of gases, fuels like acetate pre-
cursors have been used to produce larger amounts of gaseous by-product
of the combustion reaction leading to a material with more open porous
microstructures [22]. These characteristics correspondingly influence
their electrochemical properties as cathode materials in LIBs. It is very
important that fuels used in combustion synthesis are inexpensive, easy
to handle, and with a limited environmental impact. In our previous
reports on the synthesis of Li,MnO3 cathodes [25,26], citric acid fuel
was found to produce Li;MnOs cathodes with better electrochemical
performance. Also, citric acid is an eco-friendly fuel and a good com-
plexing agent since it is a polyhydroxy carboxylic acid with three car-
boxylic acid groups and one hydroxyl group hence it could also act as a
fuel in a combustion process.

In this study, a composite Li; 5Mng 52Nig20C00.0802 (equivalently
0.5LioMnO3+0.5LiNig sMng 3C00 202) material is prepared by SCS using
different amounts of citric acid and ammonium acetate fuel mixtures to
optimize the structural properties and electrochemical performance of
this cathode material. An LLO material with a very small amount of
cobalt was selected. The absence of cobalt is desired in LLO materials to
reduce their costs however, this can lead to a low initial discharge ca-
pacity and a poor rate performance due to cation mixing of Li* and NiZ*
ions [27]. Therefore, to achieve good electrochemical performance and
to reduce cost, a small amount of cobalt is introduced into the LLO
material. Furthermore, combustion synthesis can be applied to a varied
range of stoichiometries and can also be used to reduce cation mixing in
ceramic oxides. In addition, the as-obtained products from combustion
synthesis were subjected to different annealing temperatures to further
optimize their electrochemical performances.

2. Experimental section
2.1. Materials

Analytical grade Ni(NO3)2-6H0 (Alfar Aesar-Puratronic > 99%),
Mn(CH3COO0)-4H50 (Sigma-Aldrich > 99%), Co(NO3)2-6H20 (Sigma-
Aldrich > 98%), LiNO3 (Suprapur >99%), CoH7NO; (Sigma-Aldrich >
99%) and CgHgO7.H20 (Emsure ACS), CoH7NO; (Sigma-Aldrich > 98%)
were used without further purification.

2.2. Synthesis

The Li; sMng 52Nig 20C00,0s02 cathode materials were prepared by
the solution combustion synthesis (SCS) following the modified pro-
cedures adapted from other reports [28,29]. First to prepare fuel stoi-
chiometric composition using only citric acid as fuel (i.e., 100%), 0.83 g
LiNOs, 1.31 g Mn(NO3)2-4H20, 0.58 g Ni(NO3)2-6H20, 0.23 g Co
(NO3)2-6H20 and 1.64 g CgHgO7-Ho0 were dissolved in 20 ml of distilled
water and the solutions were heated to 80 °C to form a viscous gel of
precursors under magnetic stirring. Secondly, the gel was transferred to
a heating mantle set at 300 °C where the gel boiled, swelled, evolved
some gases and ignited resulting in a powder. This auto-combusted
powder was grounded and divided into three portions to be subjected
to three different thermal regimes. The first portion was annealed at
1000 °C for 10 h in a muffle furnace, grounded and was named 100-T1.
Subsequently, citric acid and ammonium acetate were used as mixed
fuels in ratios 3:1 and 1:1, respectively to also synthesize Li; 2Mng 52
Nig.20C00.0802 cathode materials. The same procedures used in the
synthesis of 100-T1 sample were followed except that 1.24 g citric acid

2307

Ceramics International 48 (2022) 2306-2316

(CgHgO7-H50) and 0.25 g ammonium acetate (CoH7NO5) were used for
the preparation of 7525-T1 while 0.82 g C¢HgO7-H20 and 0.49 g
CoH7NO5 were used in the synthesis of 5050-T1 sample. It is important
to note that in the mixture of fuels synthetic routes, 75% and 50% of the
stoichiometric amount of citric acid, 25% and 50% of the stoichiometric
amount of ammonium acetate fuels required for the complete combus-
tion process were used instead for the preparation of 7525-T1 and
5050-T1 samples, respectively. The second portions of the
auto-combusted powders obtained above were pre-annealed
(500 °C/3hr) before annealing at 1000 °C for another 3hr and the
samples were cooled, grounded and were denoted 100-T2, 7525-T2, and
5050-T2 samples. The third portions of the auto-combusted powders
were annealed at 900 °C for 3hr after pre-annealing (500 °C/3hr) and
were named 100-T3, 7525-T3, and 5050-T3 samples. All the samples
were heated and cooled slowly at a rate of 2 °C min™".

2.3. Characterisation methods

The gels obtained from drying the various precursor solutions (i.e.,
metal nitrates and fuels) were subjected to thermal analyses - ther-
mogravimetric and differential scanning calorimetric analyses (TG-DSC)
over a range of 30-1000 °C at a heating rate of 3 'C/min in air using
Netzsch Jupiter 449 C. The quantitative elemental compositions of the
synthesized Lij 5Mng 52Nig 20C00.0802 powders were measured by
inductively coupled plasma optical emission spectroscopy (ICP-OES,
iCAP 7600DUO from ThermoFisher Scientific). The crystal structure and
phase composition of the synthesized materials were determined by
powder X-ray diffraction (XRD) using a STOE STADI MP diffractometer.
The powder samples were loaded in 0.5 mm diameter glass capillaries
with diffraction patterns collected in a transmission geometry using a
Mo K, radiation (A = 0.709320 A) and a MYTHEN 1 K detector operated
with a step width of 0.015° in the 20 range of 3°-50°. Structural
modelling in reciprocal space of the XRD data were performed by the
Rietveld method using the FullProf programme. The local structure of
the powder samples were studied by Raman spectroscopy using Horiba
LabRam Evolution HR microscope equipped with a 632 nm HeNe solid-
state excitation laser (17 mW), a 100x objective, and a 600 grooves per
millimeter grating. The morphology of the synthesized materials were
examined by SEM/EDS (Zeiss Merlin GEMINI 2).

2.4. Electrochemical measurements

The charge-discharge tests were performed using the CR2032 coin
cell which is made up of a cathode and lithium metal anode separated by
a Celgard 2325 separators. The cathode electrode was prepared from a
mixture of 80 wt% active material (synthesized Li; sMng 5oNig 20.
Cog.0302 materials), 10 wt% carbon black (TIMCAL Super C65) and 10
wt% polyvinylidene fluoride binder (Solvay Solef 6020) in 1-methyl-2-
pyrrolidone (Merck EMPLURA) with continuous magnetic stirring for
about 4 h. The resulting slurry was pressed onto an aluminium foil and
dried at 80 °C overnight in a vacuum oven. This electrode film was cut
into a disc with 12 mm diameter and used as the working electrode. The
CR2032 coin cells were assembled in a glovebox (MBraun) under argon
atmosphere. The electrolyte used is LP30 selectylite (BASF) electrolyte
which consists of 1 M LiPF¢ in ethylene carbonate/dimethyl carbonate
(EC/DMC, 1:1 v/v). Electrochemical measurements of the assembled
coin cells were done using different constant current densities between
2.0 and 4.8 V in a VMP3 multi-channel potentiostat (Biologic, France) at
25 °C. Also, Electrochemical Impedance spectra (EIS) measurements
were carried out to analyze the ionic conductivity of the material by
measuring the impedance the material presents in response to an
external applied AC potential. These measurements were obtained be-
tween 1 Hz and 1 MHz with a 10 mV amplitude AC signal.



S.0. Ajayi et al.

3. Results

3.1. Thermodynamics of the combustion syntheses of
Liz. 2Mng, 52Nig.2C00,0802

In combustion synthesis, the textural and structural properties of the
synthesized materials such as crystallite size, size distribution, crystal-
linity and even cation disorder are dependent on the enthalpy or flame
temperature produced during the combustion reaction. This enthalpy of
the combustion reaction which also determines the porosity (through
the volume of evolved gases) of the material can be primarily controlled
by the nature of fuel and the fuel-to-oxidiser ratio. The amount of fuel(s)
required in the redox mixture (with the metal nitrates) for the com-
bustion reactions was calculated based on stoichiometric composition.
The stoichiometric composition is the ratio at which oxygen content of
oxidizer can be reacted to consume fuel entirely and no heat exchange is
required for the complete reaction. Concerning the nature of fuel, the
different compositions of citric acid and ammonium acetate will present
different combustion flame temperatures for the syntheses of
Li; sMng 5oNig 2C0g.0802 materials. Calculations based on a simplified
thermodynamic approach have been used to model the relative
exothermicity of the combustion processes mediated by the different
compositions of citric acid and ammonium acetate fuels. These calcu-
lations have been carried out to predict the combustion conditions such
as the enthalpy of formation of the Li; Mng 50Nig 2C0g 0gO2 powders,
and the amount of gases produced during combustion.

The thermodynamic stoichiometric equation for the complete com-
bustion reaction using different compositions of citric acid and ammo-
nium acetate fuels are presented in equations (1)-(3).

100% Citric acid fuel (100-T samples):

1.20LiNO3 + 0.52Mn(NO3),-4H,0 + 0.20Ni(NO3),-6H,0 + 0.08Co
(NO3),:6H,0 + 0.78C¢H;oOg — Lij.2Mng 55Nig2Co0¢,0802 + 4.68CO,1 +
7.66H,01 + 1.40N>1 (@D)]

75% Citric acid and 25% Ammonium acetate fuels (7525-T samples):

1.20LiNOj3 + 0.52Mn(NO3),-4H;0 + 0.20Ni(NO3),-6H,0 + 0.08Co
(NO3),-6H,0 + 0.59C¢H;(oOg + 0.32C,H7NO, — Liy2Mng 52Nig2C0g.0802
+ 4.18CO,1 + 7.83H,01 + 1.56N>1 (2)

50% Citric acid and 50% Ammonium acetate fuels (5050-T samples):

1.20LiNO3 + 0.52Mn(NO3),-4H,0 + 0.20Ni(NO3),-6H,0 + 0.08Co
(NO3),-6H0 + 0.39C¢H (O3 + 0.64C,H7NO, — Lij2Mng 53Nip.2C0,9302
+ 3.62C0O,1 + 7.95H,01 + 1.72N,1 . 3

It was observed that the viscous gel of the precursor solutions of 100-
T and 7525-T compositions after drying at 80 °C turned pink while that
of 5050-T turned purple. The pink colouration of the gels is probably due
to the citric acid since 100-T composition with the highest amount of
citric acid displayed a deeper pink colour. After the combustion reac-
tion, 100-T gel turned into a brownish powder while those of 7525-T and
5050-T turned into black powders.

Using relevant thermodynamic data for the reactants and products
[30] of the combustion reactions (as shown in Table S1 in the supple-
mentary information), the enthalpy of the combustion reactions were
calculated using equation (4) assuming complete combustion reactions
as presented in equations (1)-(3). The enthalpy of formation for
Li; 2Mng 52Nip.2C00.0802 is set at zero due to the lack of its thermody-
namic data and moreover, Li; sMng 5oNig 2C0g 0gO2 is constant for all the
combustion reactions.

0H compustion = (Z nan) - (Z nan>

Where, AHcombustion i the enthalpy of the combustion reaction, n is the
number of moles, and AHs is the heat of formation.
The effect of the nature of fuel on the heat of formation of product

4

products reactants
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(nHompustion )» and the amount of gases produced during combustion
reaction are shown in Table 1. The nH.ompystion for the combustion re-
actions were close. However, the 100% citric acid fuel (100-T compo-
sition) assisted SCS produced the highest nH,mpustion (—1493.81 kJ/mol)
while the 5050-T composition produced the least nH ,mpysiion (—1354.61
kJ/mol). The results imply that the exothermicity of the combustion
reaction reduced as the quantity of citric acid reduced and that of
ammonium acetate was increased. The nH_yupustion €an influence the
crystallinity of the synthesized Li; sMng 52Nig 2C0g 0gO2 materials. Also,
the amounts of gases produced from the combustion reactions as ob-
tained from equations (1)-(3) are very close. Following the same trend
with the nH ompustion, the 100-T composition produced the highest while
the 5050-T produced the least amounts of gases. However, more gas
evolution was observed for the 7525-T and 5050-T compositions during
the combustion process compared to the 100-T sample. This could be
attributed to the addition of ammonium acetate which can produce large
amounts of gaseous by-products during the combustion reaction. These
gaseous decomposition products includes intermediates such as nitrogen
oxides, ammonia, and HNCO [29].

3.2. Thermal analysis of the combustion processes

Simultaneous TGA-DSC analyses of the precursor gels (mixtures of
metal nitrates and fuels) of the 100-T, 7525-T, and 5050-T compositions
for the preparation of Lij sMng 52Nig20C0 0302 were undertaken to
study the effect of the fuel compositions and heat treatment on the
combustion reactions. The TGA-DSC curves of the precursor gels for
100-T, 7525-T, and 5050-T compositions are given in Fig. 1. Mass losses
in the TGA curves of the 100-T, 7525-T, and 5050-T compositions are
observed to be about 10%, 18%, and 23% corresponding to their first
DSC exothermic peaks at about 230 °C, 225 °C and 218 °C, respectively.
These mass losses are due to complete evaporation of water and organic
contents in the precursor gels. The amount of weight loss shown by the
various compositions corresponds to the amount of fuel (organic con-
tent) in the precursor gels which can be seen from the fuel-to-oxidiser
molar ratio (Table 1) of the various compositions. The 5050-T had the
highest fuel-to-oxidiser molar ratio (0.52) while the 100-T had the least
(0.39). Subsequently, large mass losses (~58% for 100-T, ~51% for
7525-T, and 40% for 5050-T) were recorded in the TGA curves which
corresponded to the sharp exothermic peaks (~345 °C for 100-T,
~301 °C for 7525-T, and ~283 °C for 5050-T) seen in the DSC curves.
These sharp exothermic peaks indicates the decomposition of the metal
nitrates-fuels dried gel during the combustion reaction. It can be seen
that the 100-T recorded this largest mass loss while the 5050-T showed
the lowest. These mass losses corresponds to the enthalpy of the com-
bustion reaction (Table 1) in which the 100-T gave the highest
(—1493.81 kJ/mol) while the 5050-T gave the lowest (—1354.61 kJ/
mol). Unlike other reports [29,31], the composition with the highest
value of heat of combustion (i.e. 100-T) required the highest tempera-
ture (~345 °C) for the combustion reaction in this study. Also, as re-
ported earlier, the 100-T (compared to the other compositions) required
the highest temperature (~230 °C) that corresponded with the first mass
loss seen in the TGA curves. These results show that a fuel with a higher
value of heat of combustion will give a higher temperature of
exothermic decomposition compared to a fuel with a lower heat of

Table 1
Effect of the nature of fuel on the heat of formation of product (nH ompustion ), and
the amount of gases produced during combustion reaction.

Sample Fuel-to-oxidiser nH ompusiion (KJ/ Amount of gas produced
molar ratio mol) (mole)

100-T 0.39 —1493.81 13.74

7525-T  0.46 —1434.34 13.57

5050-T  0.52 —1354.61 13.29

Note: The enthalpy of formation for Li; sMng 55Nig 2C00.0802 is set at zero.
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Fig. 1. TG-DSC curves of the precursor gels (mixtures of metal nitrates and fuels) of the 100-T, 7525-T, and 5050-T compositions for the preparation of Li; sMng 52

Nip.20C00,0802-

combustion value. Overall, the 5050-T recorded the least weight loss
compared to the other compositions which is consistent with their
NH combustion-

It can be seen that no further weight loss is observed for all the
compositions after the combustion reactions giving products that are
free of residual reactants and carbonaceous matter. Also, this shows that
the crystalline Li; Mng52Nig20Cog0gO2 material has already been
formed around this temperature [32]. The TGA-DSC results describes
the combustion processes and corroborates their thermodynamic con-
siderations. In addition, it shows that the nature of fuel influences the
combustion synthesis of Li; sMng 52 Nig.20C0¢,0gO2.

3.3. Elemental analysis

The average metal compositions of the synthesized Li; sMng sa.
Nig.2C0g.0302 materials were determined by inductively coupled plasma
- optical emission spectrometry (ICP-OES) and the results are shown in
Table 2. All samples gave varied metal compositions compared to the
target (nominal) composition. Compared to the samples synthesized
using a mixture of fuels (i.e., 5050-T and 7525-T series), the samples
synthesized with only citric acid fuel (100-T) had the highest amounts of
Li, total metal content (Li + M) and ratio of the amount of Li to transition
metals (Li/M), irrespective of the annealing temperature used during
syntheses. For example, 100-T1 with a Li/M content of 1.377 is higher
than that of 7525-T1 (1.362) and 5050-T1 (1.357). These results show
that the part substitution of citric acid fuel with ammonium acetate used
in the combustion synthesis reduced the complexing ability of citric acid
which led to the loss of more metals as seen in the 5050-T and 7525-T
samples compared to the 100-T samples. Also, a reduced annealing
temperature aided higher amounts of Li + M contents in the samples
irrespective of the nature of fuel used. The 100-T3, 7525-T3, and 5050-
T3 samples (annealed at 900 °C/3hr after pre-annealing at 500 °C/3hr)
had Li + M contents of 2.014, 1.990, and 2.006, respectively.
Conversely, 100-T1, 7525-T1, and 5050-T1 samples annealed at a higher
annealing temperature and duration (1000 °C/10hr) had lesser Li + M

Table 2
Elemental analysis of the synthesized Li; 2Mng 52Nig 2C00.0s02 powders using
ICP-OES.

Sample Li Transition metals, M M Li + Li/M
——— —
Mn Ni Co
Target 1.200 0.520 0.200 0.080 0.800 2.000 1.500
composition
100-T1 1.129 0.541 0.199 0.080 0.820 1.949 1.377
7525-T1 1.114 0.538 0.199 0.081 0.818 1.932 1.362
5050-T1 1.110 0.538 0.200 0.080 0.818 1.928 1.357
100-T2 1.166  0.510 0.193 0.077 0.780 1.946 1.495
7525-T2 1.156  0.517 0.193 0.077 0.787 1.943 1.469
5050-T2 1.167 0.521 0.195 0.078 0.794 1.961 1.470
100-T3 1.253 0.499 0.185 0.077 0.761 2.014 1.647
7525-T3 1.226  0.503 0.187 0.074 0.764  1.990 1.605
5050-T3 1.244 0500 0.187 0.075 0.762  2.006 1.633
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contents of 1.949, 1.932, and 1.928, respectively. It can be seen that the
nature of fuel and annealing temperature affected the stoichiometry of
the samples.

Furthermore, the elemental analysis results show that at higher
annealing temperature (irrespective of the nature of fuel used), the
amounts of Li reduced significantly while the amounts of the transition
metals where higher compared to the target metal composition. For
example, 100-T1 gave Li amounts of 1.129 while 100-T3 showed higher
Li content of 1.253. Conversely, 100-T1 gave higher transition metals
content (0.820) while 100-T3 displayed lesser amount (0.761). It is well
known that Li loss is associated with annealing hence at a higher
annealing temperature, more Li loss is recorded as seen in -T1 samples
compared to a lesser temperature annealed -T3 samples. Interestingly, in
addition, the gain of higher amounts of Li in -T3 samples invariably
resulted in lesser amounts of the total transition metals in the samples
when compared to the target stoichiometry. The effect of adding excess
Li, to compensate for Li loss during annealing, on the amounts of tran-
sition metals in LLO and NCM layered oxides have to be further
investigated.

3.4. Structural characterization of the Li; 20Mny,52Nip, 20C09,0802 powder
samples

3.4.1. XRD analysis

The XRD profiles of the Lij 29Mng 52Nip.20C0g.0gO2 powder samples
prepared by SCS using different amounts of citric acid and ammonium
acetate fuel mixtures coupled with annealing at varying temperatures
are given in Fig. 2. The samples gave XRD patterns characteristic of a
LLO material which can be indexed to the monoclinic system with the
C2/m space group [33,34]. All the XRD peaks are quite narrow and
sharp with no visible impure phase present. It can be seen that all the
samples have a well-crystalline layered structure and show a clear
splitting of the 13-3 and 33-1 peaks (see the indexed diffraction patterns
of the 7525-T1 sample in Fig. 2). The XRD data of the samples were
analysed using the Rietveld refinements by FullProf suite and the lattice
parameters and other crystallographic data obtained are given in
Table 3. Firstly, Rietveld refinements were applied to the XRD data
assuming a ‘composite’ material consisting of two integrated phases
with C2/m and R3m space group symmetry [5,6,12,35] but gave poor
fits for the data. Secondly, a structural model consisting only the R3m
space group (a-NaFeOj; structure) was used for the refinements [36] but
it also gave poor fits for the data. It is important to state that there is an
ongoing debate on the structure of the LLO material whether it is a solid
solution or a ‘composite’ material. Interestingly, our group have syn-
thesized this same LLO material (Li]_2MI10_52Ni0_20C00_0802) by me-
chanically alloying the already prepared components (i.e. 0.5Li;MnOg
and 0.5LiNig 5sMng 3Cog 202) to form the LLO nanocomposite. This LLO
nanocomposite was well refined by a model consisting of two phases
(C2/m and R3m space group) indicating a ‘composite’ material [6,12].
However, using a combined XRD and transmission electron microscopy
(TEM) analysis, it has been shown that LLO material is a single-phase
solid solution with C2/m monoclinic symmetry and not a ‘composite’
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Table 3

The lattice parameters and other crystallographic data obtained from the Rietveld refinement of the XRD data for Li; 50Mng 52Nig 20C00.0s02 powder samples.
Samples 100- T1 7525-T1 5050-T1 100- T2 7525-T2 5050-T2 100-T3 7525-T3 5050-T3
Annealing conditions 1000 °C/10 h 500 °C/3 h and 1000 °C/3hr 500 °C/3 h and 900 °C/3 h
a (;\) 4.954 (1) 4.955 (4) 4.954 (1) 4.944 (5) 4.944 (7) 4.942 (7) 4.934 (6) 4.937 (4) 4.936 (5)
b (;\) 8.568 (2) 8.571 (6) 8.572 (2) 8.558 (2) 8.558 (4) 8.556 (2) 8.539 (1) 8.547 (1) 8.546 (2)
c (;X) 5.036 (1) 5.037 (8) 5.037 (9) 5.030 (3) 5.030 (8) 5.029 (4) 5.021 (5) 5.025 (7) 5.024 (8)
g 109.31 (2) 109.30 (5) 109.31 (3) 109.21 (1) 109.30 (1) 109.29 (1) 109.28 (2) 109.29 (2) 109.29 (1)
\" (.7\3) 201.69 (1) 201.92 (6) 201.85 (7) 200.84 (6) 200.83 (6) 200.71 (4) 199.68 (3) 200.15 (6) 200.02 (3)
FWHM (001) peak (°) 0.0792 0.0762 0.0809 0.0812 0.0788 0.0812 0.0836 0.0801 0.0794
Crystallite size (nm)” 46.34 48.16 45.34 45.18 46.56 45.17 43.90 45.80 46.21
Too1/T131¢ 1.18 1.15 1.10 1.07 1.09 1.07 1.07 1.10 1.08
OccMn2b (%)¢ 67.80 68.32 69.06 64.61 62.95 62.64 59.57 59.72 55.18
Ry (%) 9.78 8.21 8.98 8.72 8.79 9.43 7.53 7.68 8.56
X2 (%) 3.77 2.97 2.97 2.85 2.55 2.78 2.64 2.67 3.25

3The numbers in parentheses are the estimated standard deviations of the last significant figure.
> The crystallites sizes are obtained from the full width-at-half maximum (FWHM) of the 001 peak using Scherrer equation.

¢ The intensity ratio of the 001 and 131 peaks in the XRD patterns.

4 OccMn2b describes the refined amount of Mn on the 2b-site (i.e., Li site in the TM-layer).

material [33,34]. Correspondingly, the single-phase solid solution with
the C2/m space group gave better fit for the XRD data obtained in this
study. Other reports [5,34] and our previous studies on same material
[6,12] suggest that the synthesis method and chemical compositions of
LLO materials could influence whether the LLO can be described based
on the solid solution or a ‘composite’ structure.

The lattice parameters obtained from the Rietveld refinement of the
XRD data are given in Table 3 along other crystallographic data obtained
from the XRD analysis. Apart from the lattice parameters and profile
shape parameters, the site occupancies (i.e. Li-Mn disorder between 2b
and 4 g sites) along with the atomic positions in the C2/m Li;MnOg
monoclinic symmetry were refined. It is important to note that Mn in
this structural symmetry here also represents other transition metals
such as Ni and Co present in the LLO material since they are substituted
for Mn. Other micro-structural parameters such as isotropic size and
strain were not refined because of the inability of the FullProf program
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to model this complex nanocomposite C2/m structure [5]. The reli-
ability factors (Ryp and ¥2) shows a good fit of the structural model with
the raw data as seen in Fig. 2. There was a noticeable decrease in the
lattice parameters of the samples with decrease in annealing temper-
ature/duration which can be seen from the reduced unit cell volumes
from -T1 to -T3 samples. For example, the unit cell volume of 100-T1,
100-T2, and 100-T3 samples are 201.69, 200.84, and 199.68 10\3,
respectively. Other reports have shown that increased annealing tem-
perature increases the unit cell volume of LLO materials [16,37]. As
expected, the same trend is seen with this influence of annealing tem-
perature on the crystallite sizes of the materials as shown in Table 3. The
crystallite sizes of 100-T1, 100-T2, and 100-T3 samples are 46.34,
45.18, and 43.90 nm, respectively. The full-width-at-half-maximum
(FWHM) values were used in the calculation of the crystallite sizes ac-
cording to the Scherrer equation and it can be seen that they have an
inverse relationship with the crystallite sizes i.e., the lesser the FWHM
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values, the higher the crystallite size of the materials and vice-versa. In
the same heat treatment regime, the results show that the change of the
type/amount of fuel used had virtually no effect on the a, b, and c lattice
parameters of the samples. For example, the a lattice parameters of
100-T1, 7525-T1, and 5050-T1 are 4.954, 4.955, and 4.954 ;\, respec-
tively. In the same manner, no trend was seen in the effect of fuel on the
crystallite sizes when the same heat treatment was applied to the syn-
thesized materials.

Furthermore, the peak intensity ratio (Inp1/I131) for all the samples
are given in Table 3. It is generally used to evaluate the degree of cation
disorder in LLO materials in which a higher Iyo1/I13; value means lesser
cation disorder. Generally, it is reported that a Ipp1/I131 value less than
1.2 is indicative of cationic disorder in the materials [32,38]. Apart from
the 100-T1 and 7525-T1 samples with a Ipp;/I131 value of ~1.2, other
samples gave values of ~1.10 showing invariance with annealing tem-
perature. It is expected that the samples prepared using the highest
temperature treatments such as the -T1 samples will have the least
cation disorder as also shown in other reports [16]. The OccMn2b values
which gives the refined amount of Mn-occupation on the 2b site has also
been used to describe cation disorder in LLO materials [16,25]. Sur-
prisingly, the OccMn2b values decreased with reducing annealing
temperature for the samples suggestive of reduced cation disorder. For
example, the OccMn2b values of 100-T1, 100-T2, and 100-T3 are
67.80%, 64.61%, and 59.57%, respectively. Notwithstanding, it is
possible that OccMn2b values also describes other crystallographic pa-
rameters other than cation disorder. It has been reported that OccMn2b
might be an indicator for a fine dispersion of the C2/m and R3m phases
(solid solution) and low Li;MnO3 domain thickness in the LLO material
[5]. Also, it has been shown that increase in the firing temperature can
increase the layered phase structure of the LLO material [16]. These
analyses seem to agree with the OccMn2b values which decreased with
reduced annealing temperature for these samples suggesting a better
solid solution/finely dispersed nanocomposite for the -T1 samples
compared to the -T3 samples. Generally, the analyses of the XRD results
show that whilst the annealing temperature had significant effect on the
structural parameters, the fuel mixture route adopted in this study had
lesser effect on the structural parameters of the synthesized materials.

3.4.2. Raman spectroscopy analysis

Raman spectroscopy of the synthesized Lij 29Mng 52Nig.20C0g 0802
powder samples were done to further evaluate the microstructural
changes in these materials since this method has been shown to be more
sensitive to short-range ordering compared to XRD [39]. Fig. 3 shows
the Raman spectra of Lij 30Mng 52Nig.20C09.0s02 powder samples syn-
thesized using different fuel mixtures (a) and annealing temperature (b).
The Raman spectra of all samples are characteristic of LLO materials [6].
Typically, the Raman spectra of LLO contains two major peaks corre-
sponding to the stretching A;y and bending E; modes of transition
metals-oxygen bonds. Furthermore, in LioMnOgs (a parent compound of
the LLO), these two dominant peaks are assigned to phonon vibrations
with the Ay mode due to the vibrations of the Mn atoms along the b-axis
while the B; mode (i.e. E; mode) is associated with the vibrations of Li
atoms in the Mn layer (i.e. along the a- and c-axis) [40].

In our previous work on Li;MnOg [25], we have analysed the crys-
tallite sizes of Li;MnOs from the peak width of the A; mode with Raman
peak broadening (W) correlated with a reduction in crystallite size. It
can be seen from Fig. 3a that 100-T1 sample had the smallest A; peak
broadening (W = 73 cm 1) while the 5050-T1 sample had the least (W
= 77 em™Y). This means that the 100-T1 sample gave the highest crys-
tallite size while the 5050-T1 sample had the least even though the
difference is expected to be small as a result of their close W values.
Unlike in the XRD analysis, these crystallite size analysis from Raman
spectra broadening agrees with the reaction conditions calculated from
the thermodynamic considerations in which the 100-T condition pro-
duced the highest exothermicity and heat absorbed by the
Li1 20Mng 52Nip.20C00.0802 product while the 5050-T condition
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Fig. 3. Raman spectra of Lij 5oMng 55Nig 20C00.0s02 powder samples synthe-
sized using different fuel mixtures (a) and annealing temperature (b).

produced the least. It is well known that the higher the synthesis tem-
perature for ceramic oxide materials, the higher the crystallite size. In
Fig. 3b, the W values of 100-T samples annealed at different tempera-
tures present significant differences. The 100-T1 sample (W = 73 cm™})
gives the highest crystallite size while the 100-T3 sample (W = 122
em 1) had the least in agreement with the crystallite sizes calculated
from XRD data (see Table 3).

In addition, the ratio of the absolute intensities of the two most
intense Raman peaks (Ia14/Igg) have been correlated with cationic dis-
order in the transition metal layer with a higher Ia14/Igg indicating a
lesser cationic disorder [25]. The 100-T1 sample gave the highest
Ia1g/Tgg (I0s/l401 = 2.87) while the 7525-T1 sample gave the least
(Ig04/1490 = 2.67) as shown in Fig. 3a. This means that the 100-T1
sample gave the least cationic disorder like in the XRD analysis. In
Fig. 3b, there is a significant variation of Ip1¢/Igg with annealing tem-
perature. Whilst, the 100-T1 sample annealed at the highest temperature
showed the highest In14/Tgg (Isos/Is01 = 2.87), the 100-T3 sample
annealed with the least temperature presented the lowest Ia1¢/Igg
(Is0s/1483 = 1.00). Fig. S1 (supplementary information) gives the Raman
spectra of Li; 50Mng 52Nig 20C00.0sO2 powder samples synthesized using
different fuel mixtures: (a) annealed at 1000 °C/3hr (-T2) and (b)
annealed at 900 °C/3hr (-T3). The same trends explained here con-
cerning the influence of fuel and annealing temperature on the
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crystallite size and cationic disorder were also observed for the -T2 and
-T3 samples. The results show that the -T3 samples presented the
highest cationic disorder and most likely the poorest crystallinity since
they were annealed at the lowest temperature. Unlike in the XRD
analysis of the Ipg1/1131 peaks, the analyses of the Raman spectra In1¢/Igg
peaks of the samples describe well the cationic disorder in these LLO
materials as expected from the influence of annealing temperature on
cationic disorder. This reinforces the advantage of the Raman spec-
troscopy over XRD in analyzing short-range ordering in ceramic mate-
rials hence they should be used complementarily. The Raman spectra
analyses show that while the type of fuel used in the SCS of
Li;.20Mng 52Nig 20C00.0s02 samples slightly affected its crystallite size
and cationic disorder, the annealing temperature markedly affected
these properties.

3.5. SEM analysis of the synthesized Lij 20Mng 52Nig.20C0¢,0802 powder
materials

Fig. 4 shows the SEM images of the synthesized Lij 29Mng 52Nig 20
Cop.0802 powder materials. The images of all the samples show
agglomerated particles that are generally dense. The -T1 samples gave
well developed faceted particles that had smooth surfaces and irregular
shapes. Concerning the influence of fuel on the morphologies of the
samples, (see -T1 samples, for example), the 5050-T1 sample showed
the largest particle sizes distribution while the 100-T1 sample gave the
least. This suggests that the 5050 fuel condition (i.e. having the highest
amount of ammonium acetate) increased the agglomeration of primary
particles resulting in large secondary particles. Also, the annealing
temperature affected the morphologies of the samples. The -T1 samples
gave the most developed particles while the -T2 samples gave the
poorest developed particles with rough surfaces irrespective of the fuel
used. Furthermore, it can be seen that the -T1 samples displayed larger
particle sizes compared to their corresponding -T3 samples. Fig. 5 gives
the SEM image of 7525-T2 powder and the corresponding EDS mapping
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showing the homogeneous distribution of Co, Ni, and Mn elements in the
material.

Figure S2 (supplementary information) shows the SEM images of
Li; 20Mng 52Ni.20C00.0g02 powder samples captured at lower magnifi-
cation (1000x). At this much lower magnification, a porous structure
with interconnected micro pore structures which is characteristic of
combustion ceramic oxides is observed for all samples. Unexpectedly,
the 5050 fuel composition (with the highest amount of ammonium ac-
etate) didn’t show any apparent higher porous structure compared to
the other fuel compositions. Instead, the images show that the 100-T and
7525-T samples gave more noticeable micro pore structures. Further-
more, the micro pore structures were retained irrespective of the
annealing temperature.

3.6. Electrochemical performance

Looking at the foregoing thermodynamics, thermal, elemental, and
structural analyses of the Lij 20Mng 55Nig 20C00,0s02 powder materials,
the -T1 and the -T3 samples generally presented the highest and the
least values of these analyses, respectively. Therefore, we selected -T1
and -T3 samples for electrochemical testing and evaluated how the
annealing temperature and nature of fuel used in their combustion
synthesis affect their electrochemical behaviour. The initial charge-
discharge profiles of —T1 cathodes vs Li*/Li and their corresponding
cycling performances measured at a constant current density of 10 mA/g
between 2.0 and 4.8 V are shown in Fig. 6a and b, respectively. All the
-T1 cathodes show the characteristic profiles of LLO cathode during the
initial charge, which consists of a sloping region below 4.5 V corre-
sponding to Li" deintercalation from the LiMO, component, and a
plateau region above 4.5 V due to the activation of the Li;MnOs
component with an irreversible loss of Li;O. As shown in Fig. 6a, the
100-TI, 7525-T1, and 5050-T1 cathodes give an initial charge capacity
of 309, 268, and 402 mAh/g, while they give an initial discharge ca-
pacity of 192, 151, and 196 mAh/g, respectively. It can be seen that the

Fig. 4. SEM images of Li; 50Mng 52Nig 20C09.0s02 powder samples.
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Fig. 5. SEM image of 7525-T2 powder and the corresponding EDS mapping showing the distribution of Co, Ni, and Mn elements in the material.
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100-TI, 7525-T1, and 5050-T1 cathodes showed irreversible capacity
loss (IRC) of 117, 117, and 206 mAh/g, respectively. However, the
Coulombic Efficiency of the first cycle for the 100-TI, 7525-T1, and
5050-T1 cathodes are 62%, 56%, and 47%, respectively. The unusually

high initial charge capacity observed for 5050-T1 cathode, resulting in
the high IRC, could be attributed to side reactions in the cell [41]. In
Fig. 6b, the 100-T1 and 5050-T1 cathodes gave comparable cycling
performance with capacity fade for about 10 cycles before their
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capacities increased slightly till the 30th cycle. The 7525-T1 cathode
show lesser capacities over 30 cycles compared to the 100-T1 and
5050-T1 cathodes. However, the 7525-T1 cathode show a slow activa-
tion resulting in a steady increase of its capacity with cycling. It can be
seen that the fuel used in SCS of Lij 2oMng 52Nig.20C0g.0802 powders
affected their initial charge-discharge capacities and cycling
performances.

The initial charge-discharge profiles of —T3 cathodes vs Li*/Li and
their corresponding cycling performances measured at a constant cur-
rent density of 10 mA/g between 2.0 and 4.8 V are shown in Fig. 7a and
b, respectively. The -T3 cathodes show the same profiles like the -T1
cathodes, but curves can be seen both in the sloping regions (indicated
by circles) of the charge and discharge profiles of all the cathodes. These
can be due to structural changes occurring in the cathode materials. As
shown in Fig. 7a, the 100-T3, 7525-T3, and 5050-T3 cathodes give an
initial charge capacity of 317, 275, and 367 mAh/g while they give an
initial discharge capacity of 177, 156, and 215 mAh/g, respectively. It
can be seen that the 100-T3, 7525-T3, and 5050-T3 cathodes showed
IRC of 140, 119, and 152 mAh/g in the first cycle while their corre-
sponding Coulombic Efficiencies are 56%, 34%, and 59%, respectively.
Except for 5050-T3 cathode, the 100-T3 and 7525-T3 cathodes gave
higher IRC and lesser Coulombic efficiencies compared to their -T1
analogues. However, as also recorded with the 5050-T1 cathode, the
5050-T3 cathode gave the highest IRC compared to other cathodes. The
cycling performances of the -T3 cathodes (Fig. 7b) show that the 5050-
T3 cathode which recorded the highest initial discharge capacity (215
mAh/g) suffered from a capacity fading to 180 mAh/g after 30 cycles.
Apart from the side reactions occurring between the electrode materials
and electrolyte solution, capacity fading is also known to originate from
the layered-spinel phase transformation which is a major drawback in
the commercialization of LLO cathode materials. The 100-T3 and 7525-
T3 cathodes with an initial discharge capacity of 177 and 156 mAh/g
showed a steady capacity increase to 215 and 199 mAh/g, respectively.
This steady capacity increase is due to the gradual activation of Li;MnO3
component in the 100-T3 and 7525-T3 cathodes which was already
completed at the initial cycle in the 5050-T3 cathode. It can be seen that
the annealing temperature affected the electrochemical performances of
the Li; 20Mng 52Nig.20C00. 0802 cathodes looking at their initial capacities
and cycling performances. Furthermore, in the highest annealing tem-
perature (-T1), 100-T1 and 5050-T1 both gave a capacity retention of
about 100% after 30 cycles while in the lowest annealing temperature
(-T3), 100-T3 and 5050-T3 showed a capacity retention of 122% and
87%, respectively. The electrochemical test results show that the 100-T
cathodes gave the best electrochemical performance compared to the
7525-T and 5050-T cathodes.

To understand the electrochemical performance of these cathodes as
shown above, electrochemical impedance spectroscopy (EIS) of selected
cathodes were undertaken. The Nyquist plots obtained from EIS data for
the 5050-T1, 7525-T1, and 7525-T3 cathodes measured prior to cycling
and after 10 cycles are shown in Fig. S3. It can be seen that the Nyquist
plots consists of semicircles at high frequency region which is due to
charge transfer resistance (Rct) and a ‘long tail’ in the low frequency
region related to the Li-ion diffusion behaviour in the cathode material.
It is evident that the semicircles of the cathodes (see the inset diagrams)
prior to cycling are larger than after 10 cycles indicating a reduction in
Ret with cycling. This reduction in Ret with cycling (after 10 cycles) may
be responsible for the steady increase of the capacity of these cathodes as
seen in their cycling performance. The pristine 5050-T1 cathode gives a
smaller Rct than the pristine 7525-T1 cathode resulting in its higher
capacity as recorded in the cycling performance. The 7525-T3 pristine
cathode which gave similar Rect with the 7525-T1 pristine cathode (see
Fig. S3a), displayed a higher Rct after 10 cycles. The EIS results show
that the nature of fuel and the annealing temperature influenced the
kinetic properties of the electrodes resulting in the differences seen in
their electrochemical performances.
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4. Discussion

4.1. The influence of the structural properties of
Li; 20Mny 52Nip 20C00.0802 powders on their electrochemical performances

It is well known that the capacity and cyclic performance of LIBs
depend on the composition, morphology, and crystal structure of the
electrode materials. These parameters, as has been shown in this study,
are dependent on synthesis method and post-treatments applied to the
material. The elemental analyses show that the 100-T samples had both
higher Li and Li + M contents than the 7525-T and 5050-T samples. Also,
the results show that the 100-T3 sample had the highest Li + M contents
compared to both the 100-T1 and 100-T2 samples (see Table 2).
Generally, the larger the Li + M contents, the higher the energy density
since Li + M represents the intercalated ion and redox-active elements,
respectively. However, the initial discharge capacity and cycling per-
formance of the cathodes can’t be explained singly from the Li + M
contents in the materials. For example, the 100-T1 and 5050-T1 cath-
odes presented similar electrochemical performance while the 5050-T3
cathode with a higher Li + M contents (2.006) compared to the 5050-T1
cathode (1.928) showed poorer cycling stability.

Many reports have shown the effect of crystallite and particles sizes
of cathode materials on their electrochemistry [25,42]. Generally,
smaller particle sizes exhibits higher capacity in the initial stage but with
a larger tendency for capacity fade. Bigger particle sizes with relatively
lower capacity in the initial stage tend to have an increasing capacity
with cycling. The SEM results show that the 100-T1 sample had smaller
particles than the 5050-T1 sample even though it presented slightly
higher crystallite sizes (Table 3). However, the 100-T1 and 5050-T1
cathodes presented similar electrochemical performance. Also, the -T1
samples clearly showed higher crystallite sizes and particles sizes than
the —T3 samples from the XRD and SEM analyses. The cycling perfor-
mance of 100-T1 cathode displayed capacity fade for about 10 cycles
before its capacity increased slightly. In comparison, the 100-T3 cathode
with a lesser initial capacity show an increasing capacity with cycling
therefore displaying a better capacity retention. In addition, the
5050-T3 with even a higher initial capacity compared to the 5050-T1
cathode showed capacity fading and a poorer capacity retention. It is
clear from these results that their electrochemical performance can’t be
explained singly from their crystallite/particle sizes.

Furthermore, the Raman scattering analysis showed that the -T1
samples had far lesser cationic disorder compared to the -T3 samples.
High cationic disorder is usually associated with poorer crystalline
materials and has been reported to block Li* intercalation/dein-
tercalation in cathode materials thereby resulting in high IRC [43].
Recall that the initial charge-discharge profiles of the -T3 cathodes
(Fig. 7a) showed structural changes (indicated by circles) which might
be due to their poorer crystallinity. This might also be responsible for
their generally lower Coulombic efficiencies and IRC compared to the
-T1 cathodes. This assertion is supported by the higher Rct after 10
cycles for the 7525-T3 cathode compared to the 7525-T1 cathode. Poor
crystallinity could result in kinetic limitations of Li* inter-
calation/deintercalation in the -T3 cathodes manifesting as capacity
fade seen in the 5050-T3 cathode and the delayed activation of Li,MnO3
component in the 100-T3 cathode. In addition, it is known that the
enlargement of lattice parameter ‘c’ and crystallite volume facilitate Li™
intercalation/deintercalation. Table 3 shows that the -T1 samples had
larger lattice parameter ‘c’ and crystallite volume than the -T3. It is
possible that the higher lattice parameter ‘c’ and crystallite volume of
the -T1 samples may have also contributed to their better electro-
chemical performances compared to the -T3 samples. Suffice to state
that no direct correlation/trend of any of the structural properties of the
materials with their electrochemical performances could be established.
It is well known that the cyclic performance of a material is an inte-
grative parameter affected by crystallite size, chemical composition,
particle morphology, crystallinity, etc. In this regard, the 100-T cathodes
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with the highest amounts of Li, transition metals and crystallite size,
least cationic disorder, and good crystallinity gave the best electro-
chemical performance compared to the 7525-T and 5050-T cathodes.

5. Conclusions

The combustion synthesis of Li; 20Mng 52Nig 20C00.0s02 powders was
undertaken and the effect of the nature of fuel and the annealing tem-
perature on the thermodynamics, thermal, elemental, and structural
properties of the materials were systematically analysed. The thermo-
dynamic consideration of the combustion reaction shows that as the
amount of citric acid fuel reduced and the amount of ammonium acetate
increased the fuel-to-oxidiser molar ratio increased; while the heat of
formation of products and the amount of gas produced reduced. The
thermal analysis of the precursor gels containing varying compositions
of the fuel(s) and metal nitrates showed that the 100% citric acid
composition (100-T) produced the largest mass losses while the 50%
citric acid composition (5050-T) produced the least. These mass losses
were correlated with the enthalpy of the combustion reactions as
modelled from the thermodynamic considerations. Unlike other reports
in literature, it was shown that the citric acid fuel with a higher value of
heat of combustion initiated the combustion reaction (exothermic
decomposition) at a much higher temperature compared to the fuels
with lower heat of combustion values. The elemental analysis of the
samples revealed that reduction in the amount of citric acid fuels and
increase in annealing temperature resulted in the loss of metals. The
elemental analysis results also show that the usual practice of adding
excess Li during synthesis of LLO and NCM layered oxides to compensate
for Li loss during annealing should be further investigated in terms of the
influence of temperature on it and its influence on the amounts of
transition metals. The Lij 0Mng 52Nig 20C00.0802 powders showed
monoclinic C2/m structures based on Rietveld analysis. The annealing
temperature greatly influenced the lattice parameters, unit cell volumes,
crystallite sizes, and cationic disorder of the samples whilst the nature of
fuel had little effect. The electrochemical performances of the
Li; 20Mng 52Nip.20C09.0g02 powders used as cathode materials in LIB
were also measured. Overall, the 100-T cathodes gave the best electro-
chemical performance compared to the 7525-T and 5050-T cathodes
which was attributed to its better structural parameters. The results
show that while the annealing temperature could be used to optimize
the structural and electrochemical performance of the Lij 3oMng so.
Nig.20C09.0g02 materials, the mixture of fuel (introduction of ammonium
acetate) is not necessary.
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