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Accepted: 3 July 2022 Lithium-rich layered oxides (LLOs) are highly promising cathodes for high-

capacity Li-ion batteries (LIBs). Typically, high annealing temperatures and
© The Authors), under  durations have been used in the synthesis of these materials. Appropriate
exclusive licence to Springer synthetic methods must be employed to successfully synthesise them at lower
Science+Business Media, LLC, annealing temperatures. Herein, the effects of pre-annealing temperature on the
part of Springer Nature 2022 structural and electrochemical performances of the LLOs are evaluated. X-ray
diffraction and Raman spectra analysis show that the pre-annealed samples
displayed higher crystal defects such as dislocation density, micro-strain,
cationic disorder and smaller crystallites compared to the post-annealed sample.
Also, the pre-annealed cathode materials showed better electrochemical per-
formances, including higher specific capacity, excellent rate performance, and
better cycling stability. The much improved electrochemical performances of the
pre-annealed cathodes were explained on the basis of their higher crystal defects
which reduce the energy barrier for lithium-ion mobility. In addition, pre-an-
nealing allowed the synthesis of these LLOs at a lower temperature and
annealing duration which could help reduce the cost of LIBs. These results show
that pre-annealing treatment is also an important synthesis parameter that could
be exploited to optimise the structure-function relationships in materials to
achieve optimal performance.

1 Introduction by surface modification [2, 3], lattice doping [4, 5],

core-shell architecture [6, 7], nanostructuring [8],
The structure and electrochemical performance of the ~ doping of a spinel structure [9, 10] and optimisation
LLOs depend on their compositions, i.e. the Li and of the synthetic methods [11-13]. In addition, various
transition metal ratio [1]. The structural and electro- synthetic methods have been used to influence the
chemical performances of LLOs have been improved structure and electrochemical performance of these
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materials. Depending on the method of synthesis,
several synthesis parameters can be used to influence
the product characteristics such as morphology,
cation mixing, crystallinity, and so on. Thermal
annealing (so-called post-annealing treatment) is one
of the main synthesis conditions that have been used
to modulate the structure-property relations of
ceramic oxides including LLOs. For example, Li,.
MnO;_ positive electrode material synthesised with
low temperature treatments (400-600 °C) has been
shown to have better electrochemical performance
than the analogues treated with higher temperature,
even though it displays very poor cycle performance
and voltage dropping issues [14, 15]. Also, Vu et al.
reported the effect of annealing temperature on the
phase components, cation disorder, crystal defects
and electrochemical performance of an integrated
spinel-LLO cathode material [10].

In most of the reports on the synthesis of LLOs,
high annealing temperature (800-1200 °C) and
annealing duration (8-20 h) are usually required to
obtain a highly crystalline material [6, 7, 10-12]. In
our previous study [12], it was established that the
optimal post-annealing temperature that produced
the highest crystallinity and electrochemical perfor-
mance for the studied LLO cathodes (Li;,Mngs,.
Ni(.20C0¢.0802) was 1000 °C for 10 h. Nomura et al.
[11] also reported that an optimal post-annealing
temperature of 1000 °C for 12 h produced LLO
cathodes (Li;»Nig18C00.03Mngs5805) with the best
electrochemical performance. Furthermore, many
reports [3-5, 13-15] have incorporated pre-annealing
and post-annealing treatments in the synthesis of
LLO cathode materials. In many of these reports, the
post-annealing temperature and duration of anneal-
ing is reduced after the pre-annealing step compared
with the studies that uses only the post-annealing
treatment of LLO cathode materials. Pre-annealing of
ceramic oxides which is normally done at a much
lower temperature than post-annealing treatment has
been used firstly to remove precursor organic mate-
rials and can also modulate the microstructure of the
final product.

Studies of the effects of pre-annealing temperature
on the structure and electrochemical properties of
LLO cathode material are very scarce. Applying pre-
annealing treatment during synthesis of LLO is
expected to change their structure and cathode per-
formance. Therefore, Li;»Mng5Nig20C000s0> cath-
odes were synthesised using sol-gel combustion

@ Springer
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method to establish the relationship between the pre-
annealing temperature of these LLOs with their
structural and electrochemical performances. Cath-
ode samples that were pre- and post- annealed were
compared with one that was only post-annealed on
the basis of the changes observed in their structural
and electrochemical properties. It is important to
state that a detailed study on the effects of fuel types
and annealing temperature on the combustion syn-
thesis of these cathode materials has already been
reported elsewhere [16]. Pre-annealing allowed the
post-annealing treatment of the samples to be done at
a much lower temperature and duration thereby
saving energy.

2 Experimental
2.1 Synthesis

All chemicals were of Analar grade and were used as
received. The Lij,MngsNig0C000s0, cathode
materials were prepared by the citric acid-ammo-
nium acetate mediated sol-gel combustion synthesis
as already reported [16]. In a typical procedure,
lithium nitrate (LiNO;, 0.83 g), manganese (II) nitrate
tetrahydrate (Mn(NO3),-4H,O, 1.31 g), nickel (II)
nitrate hexahydrate (Ni(NOj;),-6H,O, 0.58 g), cobalt
(I nitrate hexahydrate (Co(NO5),-6H,O, 0.23 g),
citric acid monohydrate (CsHgO,-H,O, 1.24 g) and
ammonium acetate (C;H;NO, 0.25 g) were dissolved
in 20 ml of distilled water and the solutions were
heated to 80 °C under magnetic stirring to form a
viscous gel of precursors. The gel was heated at
300 °C resulting in swelling, evolution of gases and
ignition. The product formed was grounded and
divided into three portions with each portion ther-
mally treated in a muffle furnace, at a rate of
2°Cmin~' to obtain the final product. The first
portion was annealed at 1000 °C for 10 h, grounded
and named T1 sample. The other portions were pre-
annealed at 500 °C for 3 h before annealing one at
1000 °C for another 3 h (denoted T2 sample), while
the other one was annealed at 900 °C for 3 h (denoted
T3 sample).
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2.2 Characterisation of synthesised cathode
materials

Powder X-ray diffraction (XRD) measurements were
done using a STOE STADI MP diffractometer with
MoKo radiation (4= 0.709320 A) and a MYTHEN
1 K detector. The diffractions patterns were obtained
using 20 range of 3°-50° at a step width of 0.015°
Raman spectra of the sample powders were obtained
using Raman spectrometer (Horiba LabRam HR
Evolution) with a 632 nm laser.

2.3 Electrochemical characterisation

The positive electrode was made by mixing the syn-
thesised LLO powders, carbon black, and
polyvinylidene fluoride binder with mass ratio of
80:10:10, respectively. The resulting slurry was
deposited on an Al foil using a doctor-blade coater
(150 pm gap) and dried at 80 °C overnight in a vac-
uum oven. The mass loading of the active materials
was about 3.8 mg cm 2. The electrochemical charac-
terisations of the samples were performed using a
CR2032 coin cell, fabricated inside the glovebox filled
with argon, using the positive material already pre-
pared as cathode, lithium metal as anode and porous
Celgard 2325 as the separator. The electrolyte (LP30
selectylite, BASF) consists of 1 M lithium hexafluo-
rophosphate (LiPF) in 1:1 (v/v) ethylene carbonate/
dimethyl carbonate. Galvanostatic charge/discharge
tests were performed between 2.0 and 4.8 V (vs Li/
Li") at 25 °C with different current densities. Elec-
trochemical impedance spectroscopy (EIS) analysis
was undertaken in the frequency range of 1 Hz-
1 MHz. A VMP3 multi-channel potentiostat (Bio-
logic) was used for all the electrochemical
measurements.

3 Results and discussion
3.1 XRD analysis

The structural properties of the T1, T2 and T3 powder
samples were determined from the X-ray diffraction
analysis. Figure 1 gives the XRD patterns of the
samples annealed at different temperatures. The XRD
patterns can be attributed to the monoclinic layered
system with space group of C2/m and they all gave
sharp peaks with no visible secondary phase. Also,

all the samples displayed well crystalline layered
structures as seen from the clear splitting of the 13-3
and 33-1 peaks. The peak reflections observed
between 9° and 13° in Fig. 1 can be attributed to the
stacking sequence of C2/m.

Table 1 gives the other structural properties of the
samples which were obtained from the Rietveld
refinement of the XRD data as already reported in
our previous communication [16]. It can be seen that
the T1 sample showed the highest lattice parameter
values and the T3 sample gave the least of these
properties. The T1 sample gave a, b and c lattice
constants of 4.955, 8.571 and 5.037 A while the T3
sample gave 4.937, 8.547 and 5.025 A, respectively.
Correspondingly, the T1 sample had the largest unit
cell volume (213.92 A% while the T3 sample gave the
least (212.04 A%). It is observed that the full-width-at-
half-maximum (FWHM) of the T1 sample is the
smallest (0.0762°) while that of the T3 sample is the
highest (0.0801°) showing the decreased crystallinity
of the T3 sample which was pre-annealed and post-
annealed at a lesser temperature and duration com-
pared to the T1 sample which was only post-an-
nealed at a higher temperature and longer duration.
The T1 samples showed the highest crystallite size
(48.16 nm) while the T3 sample gave the least
(45.80 nm). It is well known that the crystallinity and
crystallite size of ceramics increases with temperature
increase. The direct influence of particle size on lattice
parameters and unit cell volume is also noticed from
XRD analysis. The particle size increases with
increase in the values of lattice parameters and unit
cell volume as shown in Table 2. Furthermore, the T3

001 131
_ 130 | 133 33
=
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Fig. 1 XRD patterns of LLO samples
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Table 1 Structural properties

of the LLO powders Sample T1 T2 13
Space group C2/m C2/m C2/m
a (A) 4.955 4.944 4.937
b (A) 8.571 8.558 8.547
c (A) 5.037 5.030 5.025
vV (A% 213.918 212.823 212.038
FWHM (001) peak (°) 0.0762 0.0788 0.0801
Crystallite size, D (nm) 48.16 46.56 45.80
Dislocation density, § x 10~ (nm™?) 0.43 0.46 0.48
Micro-strain, ¢ x 107 255.32 264.03 267.92
Peak intensity ratio, Iyg/I13; 1.15 1.09 1.10
sample gave higher dislocation density and lattice kA
strain values compared to the T1 sample which gave - pCos0 (1)
the least values. Dislocation density and other lattice 1
imperfections usually cause diffraction line broad- ¢ =Dz (2)
ening that leads to lattice strain [17]. In addition, T1
sample gave the highest peak intensity ratio (Iyg;/ e = B (3)
4Tanf

I131) while the T2 and T3 samples gave lesser Ip1 /1131
indicating higher cationic disorder in the pre-an-
nealed samples. Generally, Iop1/l131 values can be
used to indicate the extent of cation mixing in tran-
sition metal (TM) oxides with comparatively higher
Ioo1/1131 values showing lesser cation mixing [18].
Usually in Li-Mn-Ni-Co-O system, good cation
ordering between the Li sublattice and TM sublattice
increases with higher synthesis temperature. The
XRD analysis results show that applying lesser tem-
perature annealing conditions (seen in the pre-an-
nealed samples) leads to higher lattice imperfections
such as increase in dislocations, cationic disorder and
crystallite smallness which are the main contributors
to lattice strain. Similar results from XRD analysis
showing several lattice imperfections associated with
poor crystallinity and low annealing temperatures
have been reported elsewhere [10, 17, 19]. The
structural parameters are calculated from the fol-
lowing equations,

where D is the crystallite size, 1 is wavelength of
X-ray, 0 is Braggs angle, f is FWHM, ¢ is the dislo-
cation density, and ¢ is the micro-strain.

3.2 Raman analysis

Figure 2 gives the Raman spectra of the LLO powder
samples. Raman spectra analysis can be used to cor-
relate the microstructural parameters obtained from
XRD analysis. The Raman spectra peaks of all sam-
ples can be assigned to the typical vibration modes of
the LLO [12]. All the Raman spectra give the char-
acteristic two main peaks seen in the Raman spectra
of LLO namely, the Az and E, corresponding to the
stretching and bending modes of TM-O bonds,
respectively. It has been shown that the crystallite
size of nanomaterials has an inverse relationship with
the Raman peak broadening (W) value [16, 20]. As
can be seen from Fig. 2, the A;; peak broadening

Table 2 Electrochemical data from the first cycle charge/discharge capacity of the LLO cathodes

Sample Charge capacity (mAh  Discharge capacity (mAh  IRC loss Coulombic efficiency  Capacity retention after 30 cycles
gh g (mAh (%) (%)
g
Tl 268 151 117 56 118
T2 304 179 125 59 122
T3 274 179 96 65 111

@ Springer
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Fig. 2 Raman spectra of the LLO samples

(W = 74 cm ™) of the T1 sample is the least compared
to the T2 and T3 samples which displayed compa-
rable higher W values. As a result, the T1 sample
gave the highest crystallite size while the T2 and T3
samples had comparable smaller crystallite sizes,
confirming the results obtained from the XRD anal-
ysis as shown in Table 1. The T1 sample showed
much higher peaks than the pre-annealed samples
which confirms its better crystallinity. Furthermore,
the absolute intensity ratio of the two main Raman
peaks (Ia14/Igg) has been used to indicate cationic
mixing in the TM layer, where a higher 1514/ Igg value
implies a lesser cationic disorder [16, 20]. The T1
sample presented the highest I514/Ig; = 2.67 while
the pre-annealed T2 and T3 samples gave 1.40 and
1.46, respectively. Also, like in the Iyo; /1131 analysis of
the XRD, the T1 sample had the least cationic mixing
compared to the pre-annealed samples. The Raman
spectroscopy results confirms the XRD results and
also show that pre-annealing conferred lattice
imperfections on the LLO crystallite which can be
traced to their poorer crystallinity compared to the T1
samples.

3.3 Electrochemical performances of LLO
cathodes in Li-ion battery

The initial cycle charge-discharge profiles, cycling
performances and the Coulombic efficiencies of the
T1, T2 and T3 cathodes cycled between 2.0 and 4.8 V
using a current rate of 10 mA/g (0.05C, where
1C =200 mA/g) are depicted in Fig. 3a—c, respec-
tively. Some of these galvanostatic cycling results of

the cathode materials have also been reported in our
previous communication [16]. Relevant electrochem-
ical data obtained from the initial charge-discharge
profiles of the cathodes are shown in Table 2. Fig-
ure 3a shows that all the cathodes show the distinc-
tive profiles of LLOs during the initial charge which
consists of two regions. The two regions are the
sloping region (i.e. open circuit voltage to ~ 4.5 V)
indicating Li" extraction from material, and a plateau
region (4.5-4.8 V) corresponding to the extraction of
Li" leading to the irreversible loss of Li,O. The initial
charge capacity of T1, T2 and T3 cathodes is 268, 304,
and 274 mAh/g, while their corresponding discharge
capacity is 151, 179 and 179 mAh/g, respectively. The
pre-annealed samples (T2 and T3) gave higher initial
discharge capacities than the post-annealed sample
(T1). Also, Table 2 shows that the first cycle irre-
versible capacity loss (IRC) of TI, T2 and T3 cathodes
is 117, 125 and 96 mAh/g, respectively.

In Fig. 3b, all the cathodes display increasing dis-
charge capacity with cycling as shown in their
capacity retention values after 30 cycles which is over
100% (Table 2). The increasing discharge capacity
after several cycles suggest gradual activation of the
synthesised materials which in turn improved their
cycling stability [16, 20]. However, the cathodes made
from the pre-annealed powders (T2 and T3) gave
higher discharge capacities than the cathode made
from the post-annealed T1 sample. Particularly, the
T2 cathode gave an initial discharge capacity of 179
mAh/g and 218 mAh/g after 30 cycles while the T1
cathode gave an initial discharge capacity of 151
mAh/g and 178 mAh/g after 30 cycles. Even though
the initial capacities of the cathodes were low, their
capacities increased with cycling. Usually, LLOs
generally experience gradual drop in their operating
voltage during extended cycling which causes a
concomitant drop in their capacity with cycling. The
Coulombic efficiency (CE) of the cathodes is shown in
Fig. 3c. The first cycle CE of T1, T2 and T3 cathodes is
56, 59, and 65%, respectively (Table 2). On subse-
quent cycling to the 30™ cycle, the CE increased with
the T1 steadying about 100%, the T2 was above 100%
while the T3 was generally below 100%. The capacity
retention of the cathodes after 30 cycles exceeds 100%
(Table 2). This could be due to the slow activation of
these materials and their low initial discharge
capacity since capacity retention is a function of the
initial discharge capacity. These results show that the
pre-annealed cathodes (T2 and T3) gave better
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cycling performance than the post-annealed cathode
(T3). The initial CE and cycling stability obtained in
this study are comparable to the reported data on
LLO materials. [4, 15, 21, 25-27].

To further evaluate the influence of the LLO
structures on their electrochemical performance, the
rate performance of the LLO cathodes was under-
taken. Figure 4a shows the rate performance of the
LLO cathodes cycled at different current densities
(10-200 mA /g or 0.05C-1C) between 2.0 and 4.8 V.
The discharge capacities of all cathodes gradually
reduce as the current density increases. This could be
attributed to reduction in time for intercalation of Li*
into the crystal lattice and increase in polarisation as
the current density increases [15]. All the cathodes
displayed good reversible capacity, after high rate
cycling, as they maintained similar and stable dis-
charge capacities when the current density was
switched back to 10 mA/g. Nevertheless, the pre-
annealed cathodes (T2 and T3) displayed a much
more superior rate performance compared to the
post-annealed cathode (T1). Particularly, the T3
cathode had the highest discharge capacities at all
current densities. Unlike with the other cathodes, the
discharge capacity observed in the rate performance
test at 10 mA/g (0.05 C) for T3 material was sur-
prisingly higher than those observed from galvano-
static cycling.

The cycling and rate performances of these LLO
cathodes can be explained on the basis of their lattice
imperfections as indicated by their cationic disorder
and crystallite sizes, for example. LLO materials with
good cationic ordering are usually desired for better
electrochemical performance. Though
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inevitable during the synthesis and cycling of the
LLOs, Li/Ni intermixing in both the TM and Li layers
has been shown to affect the rate capability of these
materials since it can limit Li mobility [21]. However,
cation-disordered cathode materials have been
shown to be beneficial to the electrochemical perfor-
mance of lithium-ion batteries since they can promote
the formation of smooth Li transport by percolation
and also facilitate the extraction of labile oxygen
electrons which can contribute to the capacity
[10, 22]. Furthermore, the outstanding rate perfor-
mance and excellent recovery capability of the T3
cathode can be attributed to its crystallite size which
was the smallest compared to the other LLO materi-
als. It is well known that small crystallites can
increase the kinetics of Li* intercalation and lower
the charge transfer resistance during electrochemical
cycling, thereby improving rate performance [20, 23].
It has been shown, in the XRD and Raman spectra
analysis, that the pre-annealed LLO materials (mostly
the T3) with higher lattice imperfections presented
better electrochemical performance than the T1
cathode with lesser crystalline defects.

Figure 4b—d gives the electrochemical impedance
spectroscopy (EIS) of the cathodes which were mea-
sured prior to galvanostatic cycling. The Nyquist
plots for the T1, T2 and T3 cathodes are shown in
Fig. 4b and the inset diagram shows the enlargement
of the semi-circle in the high-frequency region. The
equivalent circuit model used for fitting the EIS data
and the obtained parameters are given in Fig. 4c and
d, respectively. The Nyquist plots consist of com-
pressed semicircles in high-frequency region and the
linear portion (long tail) in the low-frequency region,
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which is due to the resistance from surface film,
charge transfer resistance (R.) and lithium-ion dif-
fusion in electrode, respectively [24]. The T1 cathode
displays the highest R, while the T3 cathode shows
the least, which indicates the fast electrode reaction
kinetics of the T3 cathode. The lithium-ion diffusion
coefficient (D) of the cathodes is calculated from the
low-frequency line according to Egs. (4) and (5):

RT \?
D=05 ( AF5C c) (4)
Z=Ry+Re+ 0y -0 (5)

where R is the gas constant, T is the absolute tem-
perature, A is the surface area of the electrode, F is the
Faraday constant, C is the molar concentration of
lithium ions in active material, R, is the solution
resistance, and J,, is the Warburg factor determined

by Z and @~ . The linear relationship between Z and
o~ in the low-frequency region is shown in Fig. 4d,
with which the Warburg factor, d,, , can be derived
[24]. The current density (i,) is calculated using
Eq. (6) where n represents the number of transferred
electrons.

RT
. __RT ;
o = LAF25,C (6)

The lithium-ion diffusion coefficient (D) of the pre-
annealed samples (~ 4.75 x 102° cm? s™' for both
the T2 and T3 cathodes) are higher than the post-
annealed sample (3.43 x 102 cm? s~ for T1 cath-
ode), showing the effect of pre-annealing on the
lithium-ion diffusion in the active particles (Table 3).
The EIS results show that the T1 cathode had the
highest Rt ang dw and the lowest D and i, values
compared to the T2 and T3 cathodes. These negative
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Table 3 EIS parameters of the
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LLO cathodes Cathode R, Ry Sy (Q em®) D i
(Q cm?) (Q cm?) (em?s™") x 1072° (pAcm™2)
Tl 2.40 95,000 836.10 3.43 0.013
T2 430 71,500 719.52 4.75 0.355
T3 0.93 35,900 719.98 474 0.707

EIS parameters for the T1 cathode were detrimental
to its electrochemical performance. The better elec-
trochemical performance of the pre-annealed T2 and
T3 cathodes could be attributed to their lattice
imperfections which reduced the energy barrier and
aided faster lithium-ion diffusion in these materials.

4 Conclusions

The effect of pre-annealing temperature on the
structure and electrochemical properties of LLO
cathode materials have been studied. Pre-annealing
allowed for post-annealing at a shorter temperature
and duration which was shown to reduce lithium
loss and avoid the usual practice of adding excess
lithium during synthesis of electrode materials,
thereby can help reduce the cost of Li-ion batteries.
The study showed that pre-annealing induced higher
lattice imperfections such as increase in dislocations,
cationic disorder and crystallite smallness which
particularly improved the electrochemical perfor-
mance of the cathode materials.Q The pre-annealed
cathodes displayed better capacity, cycle perfor-
mance, rate performance, a much reduced impedance
and significant increase of Li-ion diffusion compared
to the post-annealed cathode. Following these results,
it can be concluded that pre-annealing can be
employed to optimise the electrochemical perfor-
mance of the electrode materials.
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