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Sol–Gel-Assisted Microwave Sintering
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1. Introduction

Lithium-ion batteries currently power almost all electronic devi-
ces and power tools; they are considered a key technology of

choice for electric vehicles (EV) as well as
for grid storage.[1–3] The demand for
rechargeable lithium-ion batteries is expo-
nentially increasing due to environmental
consciousness and the effective use of
renewable energy sources and EV applica-
tions.[1,2,4,5] In line with the diverse applica-
bility, there is also an increase in the
development and incorporation of innovative
techniques for the design and cost-effective
synthesis of electrode materials that lead to a
diverse range of performance characteristics
and fulfill the future energy demands of
the growing society.[6–14] Therefore, in the
quest to develop high-performance and
cost-effective lithium-ion batteries, several
different types of cathode materials have
been developed and commercialized, includ-
ing LiMn2O4, LiNi0.5Mn1.5O4 (LNMO),
LiNi1/3Co1/3Mn1/3O2, LiNi0.5Co0.2Mn0.3O2,
LiNi0.6Co0.2Mn0.2O2, LiNi0.8Co0.15Al0.05O2,
and LiFePO4.

[8,13,15,16] However, the issues
related to safety and cost remain great chal-
lenges for future LIBs.[13,17,18–25,26] These
issues are crucial for developing large-scale

batteries for energy storage systems (ESS) and electric vehicles.
Till the present, lithium-ion battery technology is also one of
the most expensive amongst other battery technologies; therefore,
to fulfill the demands for the transport sector and large-scale ESS,
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High-voltage spinel LiNi0.5Mn1.5O4 (LNMO) is a promising cathode material for
high-energy-density and high-power-density lithium-ion batteries (LIBs). The high
cost of the currently available LIBs needs to be addressed urgently for wide
application in the transport sector (electric vehicles, buses) and large-scale energy
storage systems (ESS). Of significance, herein, novel fast and scalable micro-
wave-assisted synthesis of LNMO is reported, which leads to a production cost
cut. X-ray diffraction (XRD) analysis confirms the formation of the desired phase
with high crystallinity. Field emission scanning (FE-SEM) and transmission
electron microscopy (TEM) analyses indicate that the synthesized phase is of
nanometric size (50–150 nm) due to an extremely short sintering time (20 min).
The material synthesized at 750 �C shows a higher initial discharge capacity
(130 mA h g�1) than that synthesized at 650 �C (115 mA h g�1). The materials
heat treated at higher temperatures show better electrochemical performance in
terms of initial capacity, rate capability, and improved cycling. The improved
electrochemical performance of LNMO at 750 �C is attributed to the formation
of a stable crystal structure, low charge transfer resistance at the electrode/
electrolyte interface, high electrical conductivity due to the presence of a disorder
structure, and improved ionic diffusivity.
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the cost of LIBs needs to be decreased on priority.[7,13,27–34] One
way to reduce the price of currently available lithium-ion battery
technology is to minimize the cost of cathode and anode materials
as they constitute a significant portion of the overall battery
price.[35–37] There are also several other ways to decrease the price
of currently available lithium-ion battery technology: 1) use of
cheaper raw materials, 2) development of new materials with
low cost, 3) fabrication of high-energy-density batteries, 4) decrease
of the material production cost, and 5) lowering the battery
manufacturing costs.[7,8,13,38,39] In addition to the aforementioned
factors, we think, the material cost can also be decreased to a cer-
tain extent using cost-effective synthesis methods.

Till the present, many synthesis methods have been developed
to prepare electrode materials, which include sol–gel, solid-state,
coprecipitation, spray pyrolysis, and molten salt methods.[40–46]

In these processes, the precursor has to be calcinated for about
8–12 h at high temperature, which greatly increases the produc-
tion cost of these materials. Logically, reducing the synthesis
temperature and time can contribute significantly to lowering
the production cost of the electrode materials and thus the overall
battery cost as these materials expressively share the overall cost
of the battery pack. Microwave sintering is a relatively new
synthesis approach where the synthesis time is extremely low
due to its unique heating mechanism.[47,48] Unfortunately, not
many reports are available so far for the synthesis of electrode
materials using the microwave sintering approach.[49–54] The typ-
ical microwave sintering cycle operates at a relatively low sinter-
ing temperature and consumes only around 10–20min of dwell
time, which is extremely low compared to the conventional
sintering approaches (�8–12 h). However, the major challenge
is the synthesis of the impurity-free phase. Nonetheless, with
proper understanding and engineering of the process, this
technique can play a vital role in the cost-effective synthesis of
electrode materials for a battery technology with better electro-
chemical performance.

In this study, the novel microwave-assisted sintering approach
was used to synthesize high-voltage spinel LNMO and the effect
of the synthesis temperature on the electrochemical performance
was studied. Microwave sintering involves an extremely short
sintering time (<20min), which results in nanosized particles
due to insufficient time for particle growth. The LNMOmaterials
were synthesized at three different temperatures (650, 700, and
750 �C) for 20min. After synthesis, the materials were character-
ized using various characterization tools such as X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM),
and transmission electron microscopy (TEM). The battery perfor-
mance was evaluated through electrochemical charge/discharge,
cycling, and electrochemical impedance spectroscopy (EIS).

2. Results and Discussion

The XRD patterns of synthesized LNMO materials are displayed
in Figure 1a. The material D-700 (D stands for before decompo-
sition) represents LNMO synthesized through direct microwave
sintering at 700 �C for 20min without decomposition of precur-
sors before the microwave treatment. In contrast, P-650, P-700,
and P-750 materials (P stands for pre-heat-treated) were synthe-
sized by pre-heat treatment of precursors at 450 �C for 6 h and

later sintered at 650–750 �C using a microwave furnace for
20min. Thermogravimetric analysis (TGA) analysis for the pre-
cursor LNMO material is displayed as Figure S1, Supporting
Information, which clearly shows that the precursor is
completely decomposed at around 300 �C. The XRD analysis con-
firms the presence of LNMO materials with a trace amount of
Ni1�xLixO. Ideally, the general chemical formula for the spinel
and rock salt oxides would be AB2O4 and AB2O3, respectively,
which indicate that one-half of O2 should be released by the spi-
nel to yield the rock salt phase (Equation (1)). Maintaining oxygen
partial pressure is crucial to get the impurity-free spinel phase.

Spinel structure
AB2O4

⇄
�1=2O2

þ1=2O2

Rock salt structure
AB2O3

(1)

A fully reversible spinel to rock salt transformation is driven by
a change in oxygen content.[55,56] However, these traces of the
rock salt phase can be eliminated by annealing the sample at
700 �C.[48,49] The d-spacing values for P-750 were calculated from
the XRD data using Scherrer’s equation, and the corresponding
data are listed as Table S1, Supporting Information. The
d-spacing calculated using XRD match well with high-resolution
TEM (HR-TEM) shown in Figure 5. Figure 1b shows the XRD
Rietveld refinement data (performed using FullProof software)
for the P-750 sample, which shows good agreement between the
experimental and calculated data. It confirms the formation of
disordered LNMO with the Fd3̄m space group with the presence
of a small amount of LixNi1�xO phase, which is often present in
disordered LNMO.

Figure 1. a) XRD patterns of D-700, P-650, P-700, and P-750 materials.
b) Observed, calculated, and difference plots for powder X-ray diffraction
(Cu Kα radiation) Rietveld refinement of P-750 sample (Rp¼ 8.89,
Rwp¼ 12.54).
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Figure 2 shows FE-SEM images of the D-700, P-650, P-700,
and P-750 samples. It can be seen that the particles have a
rock-like morphology with nanometric size. All materials have
a particle size ranging from 50 to 150 nm with a well homoge-
neous particle size distribution as seen in the FE-SEM images.
In comparison with P-series materials, D-700 shows a smaller
particle size and has particles even smaller than 50 nm in size,
as shown in Figure 2a. These smaller particles may be present
due to direct calcination of the precursor in microwave sintering
without any decomposition step. Under these synthesis
conditions, the material did not have sufficient time for particle
coarsening; therefore, the particles were smaller. Generally, in
conventional sintering, where the dwell time ranges from 8 to
12 h, the particles have enough time for grain coarsening, which
results in course and well-crystalline particles. It is also interest-
ing to see that the particles do not show any agglomeration even
with small nanometric size, leading to a well-defined rock-like
particle morphology.

Table 1 lists the Brunauer–Emmett–Teller (BET) surface area
and pore volume of all the synthesized materials. D-700 has the
highest surface area of around 18.63m2 g�1 compared with the
materials synthesized after decomposition (the P-series). In con-
trast, increasing the synthesis temperature decreases the surface
area of the materials, which may be due to particle growth and
increased grain size. P-750 has a lower surface area, around
8.44m2 g�1, compared to P-650 and P-700, which have a surface
area of 15.20 and 11.27m2 g�1 respectively.

Figure 3a shows the N2 adsorption/desorption isotherms for
the synthesized materials, which correspond to mesoporous-type
characteristic behavior. It can be seen from the curves that the
D-700 sample shows the highest volume absorption with
increase in relative pressures compared to the P-series materials.
A material with a higher surface area usually absorbs more gas
relative to a material with a lower surface area mainly due to the
presence of more active gas adsorption sites. The inset of
Figure 3a shows the BET data that were used to calculate the sur-
face area of the materials. Figure 3b shows the particle size dis-
tribution for different materials. D50 values calculated using a
Zeta Sizer for the D-700, P-650, P700, and P-750 samples are
100, 112, 120, and 124 nm, respectively, as shown in Figure 3b.

TEM analysis was conducted to get more insights into the
morphology of prepared materials, as shown in Figure 4. As dis-
cussed earlier, the material has a very small particle size in the
range of �50–150 nm. The particles show a rock-like morphol-
ogy, as shown in Figure 4a–c, which is consistent with our
FE-SEM results. Figure 4b,c clearly shows the lattice fringes,
which confirm the synthesis of a highly crystalline material even
with a small sintering dwell time of 20min. The lattice spacing is
around 0.472 nm, which corresponds to (111) planes of LNMO.

Figure 2. FE-SEM images for a) D-700, b) P-650, c) P-700, and d) P-750
materials.

Table 1. BET surface area and pore volume of synthesized materials.

Material BET surface area [m2 g�1] Pore volume [cm3 g�1]

D-700 18.634 0.131

P-650 15.202 0.101

P-700 11.278 0.061

P-750 8.443 0.046

Figure 3. a) N2 adsorption/desorption isotherms for D-700, P-650, P-700,
and P-750 materials; the insert shows the BET plot. b) Particle size distri-
bution for D-700, P-650, P-700, and P-750.
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For more clarity, magnified regions are also included as an inset
in Figure 4b,c, which clearly shows the well-defined lattice
fringes. Elemental mapping images of P-750 shown in
Figure 4d–g confirm the homogenous distribution of Ni, Mn,
and O in the synthesized material, which also supports XRD
results for the synthesis of pure materials (Figure 1).
Generally, if impurity phases are present, they segregate and
are not homogeneously distributed throughout the material.
Figure S2, Supporting Information, shows the TEM and elemen-
tal images for D-700, which also show the homogeneous distri-
bution of Mn, Ni, and O throughout the particles. It is interesting
to note that even with a 20min sintering dwell time, the material
demonstrates a well-homogeneous distribution of elements and
phase-pure material. The particle size can be found in the range
of 20–150 nm, as shown in Figure S2, Supporting Information.

Figure 5a shows the differential capacity (dQ/dV ) curves for
D-700 and P-750 to compare the involved oxidation and
reduction reactions during cycling. The differential capacity
(dQ/dV ) curve gives information regarding both the underlying
thermodynamics and kinetics of the battery systems. But we have
used it to reconfirm the presence of disorder phase in both the
D-700 and P-750 materials. Both materials show oxidation peaks
around 4.03, 4.68, and 4.74 V and reduction peaks around 3.99,

Figure 4. a–c) TEM and HR-TEM images and d–g) elemental mapping
images for P-750.

Figure 5. a) dQ/dV curves for D-700 and P-750. b) The discharge capacity of D-700, P-650, P-700, and P-750 at different C-rates (rate capability).
c) Charge/discharge curves of D-700, d) P-650, e) P-700, and f ) P-750 at different C-rates. The cells are cycled between 3.5 and 4.9 V.
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4.64, and 4.72 V, which correspond to Mn3þ/Mn4þ, Ni2þ/Ni3þ,
and Ni3þ/Ni4þ redox couples, respectively. The presence of the
Mn3þ/Mn4þ redox couple as clearly seen in the inset in Figure 5a
reveals the formation of the disordered phase, which originates
from Ni/Mn disordering. It can be observed that the peak
intensities for P-750 are quite high compared to D-700, which
indicates that the P-750 should exhibit better electronic conduc-
tivity compared to D-700. This is considered beneficial in improv-
ing the kinetics of this material and thus contributes to
demonstrating better electrochemical performance, especially
at higher C-rates. Figure 5b shows the rate capability data for
D-700, P-650, P-700, and P-750. It can be noted that D-700 shows
the lowest initial discharge capacity at all C-rates as well as rapid
capacity fading, which may be due to insufficient crystallization
time for the material, which affects its electrochemical perfor-
mance. The discharge capacity at 0.05C is around 110mA h g�1

and decreases rapidly to �62 and �40mA h g�1 at 0.5C and 1C,
respectively. In contrast, P-650, P-700, and P-750 show improved
electrochemical performance with higher discharge capacities
and improved capacity retention at high C-rates. It should be
noted that in these samples, an additional heat treatment step
was added to decompose the precursors before final sintering
in the microwave furnace during which only the crystallization
of materials takes place, contributing to improving the perfor-
mance. P-650 and P-700 show very similar electrochemical
performance with a discharge capacity of around 116 and
80mA h g�1 at 0.05C and 1C, respectively. As a comparison,
P-750 shows the best rate capability performance with an initial
discharge capacity of around 125mA h g�1 at 0.05, which
reduces to 110 and 107mA h g�1 at 0.5C and 1C, respectively.
The better rate performance of P-750 may be due to low charge
transfer resistance at the electrode/electrolyte interface, high
electrical conductivity, and improved ionic diffusivity in this
material.

Figure 5c–f shows the galvanostatic charge/discharge behavior
of all the synthesized materials at different C-rates. It can be
observed from Figure 5c that D-700 shows a discharge capacity
of �107 and 19mA h g�1 at 0.05C and 2C, respectively.
This indicates that there is rapid capacity fading in this material
with increasing C-rate. In contrast, P-650, P-700, and P-750
demonstrate improved discharge capacities and higher capacity
retention at high C-rates, as shown in Figure 5d–f. As a compar-
ison, P-750 shows the best rate performance in terms of initial
discharge capacity (125mA h g�1 at 0.05C) and capacity retention
(90mA h g�1 at 2C). It is pertinent to note that P-650, P-700, and
P-750 have a lower amount of disorder compared to D-700 as
clearly shown in the galvanostatic charge/discharge curves in
Figure 5c–f which correspond to the Mn3þ/Mn4þ redox couple
at around 4.0 V. The improved performance of these materials,
particularly of P-750, when compared to D-700, may be due to the
better electronic conductivity of the material as also evident in
dQ/dV in Figure 5a. Also, the increased crystallinity of the mate-
rials synthesized at a higher temperature may have contributed
to the improvement of the material’s ionic conductivity, resulting
in improved electrochemical performance. As P-750 displays the
best rate capability performance, we calculated the Li-ion
diffusion coefficient of the P-750 sample using cyclic voltamme-
try (CV) and the Randles–Sevcik equation. The calculated diffu-
sion coefficient is 6.625� 10�11 cm2 s�1, which is consistent

with the previous literature.[57] The CV curve for P-750 is shown
in Figure S3, Supporting Information.

Figure 6a shows the cycling performance of D-700, P-650,
P-700, and P-750 at 0.05C for 50 cycles. As shown in Figure 6,
the initial discharge capacity of P-650, P-700, and P-750 is higher
when compared to D-700. P-750 shows the highest discharge
capacity of around 122 and 119.99mA h g�1 at 0.05C and 0.1,
respectively, when compared to D-700, which shows a capacity
of around 110 and 101.44mA h g�1. Comparison with D-700,
the greater initial capacities of P-650, P-700, and P-750 could
be directly related to their improved electrical conductivity and
ionic diffusivity. P-650 shows faster capacity fading at both
0.05C and 0.1C, whereas the other materials show very slow
capacity fading, as shown in Figure 6a,b. The capacity fading
in P-650 may also be due to the low sintering temperature result-
ing in low crystallinity in the material structure, which hinders
the ionic movement and results in poor performance. Generally,
in conventional sintering, 900 �C is the ideal temperature to
synthesize LNMO for good electrochemical performance.
Lower sintering temperatures usually do not give the best
performance.[27,58,59] In contrast, P-750 not only shows the high-
est discharge capacity but also shows the best capacity retention
of around 96.36% and 93.85% at 0.05C and 0.1C after 50 and 100
cycles, respectively. As discussed before, the better electrochem-
ical performance of P-750 may be due to the low charge transfer
resistance at the electrode/electrolyte interface, high electrical
conductivity, and improved ionic diffusivity in this material.

Figure 6c–f displays the galvanostatic charge/discharge pro-
files of different samples after the 1st, 10th, 20th, 30th, 40th,
and 50th cycle when cycled at 0.05C. The cells were charged/
discharged between 3.5 and 4.9 V. All the samples exhibit high
(4.7 V) and low (4.0 V) voltage plateaus, which are present in dis-
ordered spinel LNMO. It can be observed that the voltage profiles
are slightly different from each other. The difference lies in the
lower-voltage plateaus at around 4.0 V, which correspond to the
Mn3þ/Mn4þ redox couple. All the samples have different
amounts of the Ni/Mn disorder (calculated on the basis of the
ratio of the capacity delivered by the high-voltage and lower-
voltage plateau) as highlighted in yellow (1st cycle comparison)
in Figure 6c–f, which may originate from the difference in syn-
thesis temperature conditions. The ordered and disordered
phases of LNMO are defined by the distribution of Ni and
Mn in the crystal structure. In the ordered phase, Ni and Mn
are distributed 1:3, where all the Mn is in the Mn4þ valent state,
whereas in the disordered phase Ni and Mn are distributed ran-
domly, and some of the Mn exist as the Mn3þ state and the
amount of Mn3þ is proportional to the degree of the disordered
phase. Therefore, the ratio of the capacity delivered by the high-
voltage (4.7 V) and low-voltage (4.0 V) plateaus can provide the
estimation of the degree of Ni/Mn disorder. The more is the
capacity delivered by the lower-voltage plateaus, the higher is
the Ni/Mn disordered. This can give a good estimate (qualita-
tively) of the amount of disorder in high-voltage spinel
LNMO. As mentioned earlier, P-650 shows faster voltage decay
compared to the other materials shown in Figure 6d, which may
be due to the lower synthesis temperature. It is also noted that
P-750 not only shows excellent capacity retention but also has a
lesser amount of Ni/Mn disorder, as shown in Figure 6f.
Figure S4, Supporting Information, shows the galvanostatic
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charge/discharge profiles of different samples after the 1st, 20th,
40th, 60th, 80th, and 100th cycle when cycled at 0.1C. The voltage
profiles for all the materials are very similar to when they are
cycled at 0.05C. P-650 shows rapid capacity fading, as shown
in Figure S-4b, Supporting Information, whereas all the other
materials show relatively stable cycling. Furthermore, the
amount of disorder in D-700 and P-650 is more when compared
to P-700 and P-750, which may be due to the difference in heat
treatment temperatures.

Table 2 shows the degree of Ni/Mn disorder in various
materials, which is roughly between 14% and 24%. The degree
of Ni/Mn disorder is calculated based on the ratio of the capacity

delivered by the high voltage (4.7 V) and lower voltage (3.0 V) dur-
ing the first cycle, as highlighted in yellow in Figure 6c–f. It is
observed that the materials synthesized with pre-heat treatment
step (P-650, P-700, and P-750) have a lesser degree of Ni/Mn
disorder compared with the material synthesized without a
pre-heat treatment step (D-700). Moreover, the Ni/Mn disorder
decreases with the increase in heat treatment temperature.
P-750 shows the least amount of Ni/Mn disorder of around
14.33%, which can also be well observed in galvanostatic curves
in Figure 6c–f.

EIS measurements were recorded during the first cycle at
different potentials during the charging/discharging states, as
shown in Figure 7. The symbol represents the experimental data
points, and the fitted data are represented as continuous black
lines in the P-750 samples. The obtained data were analyzed
by fitting with an electrical equivalent circuit (Figure S5,
Supporting Information) consisting of electrolyte resistance
(R1: Re), the electronic resistance (R2: Rsf ) of the individual active
particle, charge transfer (R3: Rct) resistance at the electrode/
electrolyte interface and bulk resistances (R4: Rb), as well as
capacitances, constant phase elements (C2, CPE3, and C4),
and the finite Warburg impedance (Wo). The Z-view software
was used for experimental data fitting within the frequencies
regime. Figure 7c shows the resistances R1, R2, and R3 are

Table 2. The amount of Ni/Mn disorder in different materials. The Ni/Mn
disorder is calculated approximately based on the capacity delivered by the
first cycle at the 4.0 V plateau (Mn3þ/Mn4þ redox couple).

Material Amount of Ni/Mn disorder [%]

D-700 23.54

P-650 20.27

P-700 15.05

P-750 14.33

Figure 6. Cycling behavior of D-700, P-650, P-700, and P-750 at a) 0.05C and b) 0.1C for 50 cycles. c–f ) Charge/discharge profiles of D-700, P-650, P-700,
and P-750 after 1st, 10th, 20th, 30th, 40th, and 50th cycles at 0.05C. The cells are cycled between 3.5 and 4.9 V.
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displaying as a function of the voltage during the charge–dis-
charge cycle of P-750 samples. The Ohmic electrolyte resistance
Re values are constant regardless of the material and voltage dur-
ing the charge/discharge cycle, which is an indication of stable
ionic resistivity of the used electrolyte. In the charging state, the
value of electronic resistance of the cathode particle (Rsf ) are not
changing at open circuit voltage and 4 V; after that, the Rsf values
decrease and are stable until 4.9 V (fully charged state). After 4 V,
the electronic conductivity increases with increasing Mn4þ con-
tent. The interfacial charge transfer resistance (Rct) decreases till
4.6 V and after that Rct values are stable until 4.9 V. This might be
due to the effect of nickel oxidation from 2þ to 3þ on particle
conductivity and charge transfer. Rdl is the impedance response
of a single intercalation particle that is surrounded by a resistance
film and the values are almost stable during the charge/discharge
cycle.[60–62] In discharging, the Rsf and Rct value are stable up to
4.4 V, then increasing to the end of the discharge cycle. The elec-
tronic conductivity and charge transfer are decreasing with
increasing Ni2þ content in the active material. From this discus-
sion, it is confirmed that the electronic conductivity is most
important for the charge transfer mechanism at the electrode/
electrolyte interface.

3. Conclusion

Novel fast and cost-effective synthesis of high-voltage spinel
LNMO is undertaken using sol–gel synthesis followed by a

microwave sintering approach. Structural analysis (XRD,
FE-SEM, HR-TEM) confirms the formation of nanocrystalline
(50–150 nm), phase-pure materials having a rock-like morphol-
ogy exhibiting a homogeneous distribution of manganese,
nickel, and oxygen within the particles without any segregation.
The material synthesized at 750 �C (P-750) shows the best
electrochemical performance (high discharge capacity, good
cyclability, and improved rate capability) compared to the other
developed materials. The improved electrochemical performance
of P-750 may be attributed to better crystallinity at higher
synthesis temperature, its low charge transfer resistance at the
electrode/electrolyte interface, high electrical conductivity, and
improved ionic diffusivity. If properly engineered, microwave
sintering may play an important role in the cost-effective produc-
tion of electrode materials for lithium-ion batteries, contributing
to reducing the battery cost.

4. Experimental Section

Material Preparation: The materials were synthesized using a sol-gel
assisted microwave synthesis approach. First, 100mL of deionized (DI)
water was heated in a glass beaker at 60 �C with continuous stirring.
Then lithium, nickel, and manganese acetate (Sigma Aldrich) were added
to the DI water and left for 30 min until they dissolved completely. Later,
citric acid (Sigma Aldrich, ACS reagent ≥99.5%, metal ions to citric
acid 1:1) was added to the precursor solution as a chelating agent.
The temperature of the solution was then increased to 80 �C with contin-
uous stirring for 12 h to completely dry the precursor solution. Once all the

Figure 7. EIS spectra during the first cycle at different potentials during a) charging and b) discharging states and c) resistances Re, Rsf, Rct, and Rdl shown
as a function of the voltage during the charge–discharge cycle for the P-750 sample.
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DI water was evaporated, the precursor mixer was ground and homo-
geneously mixed using agate mortar. The powder was then pressed into
small pellets using a stainless steel die of 10mm diameter for sintering.
For a complete comparison purpose, the materials were prepared into two
batches. In the first batch, the prepared precursor pellets were directly
transferred to the microwave furnace and sintered in air at 700 �C for
20min (named “D-700”). For the other batch, the precursors were first
preheated at around 450 �C for 6 h in the air in a conventional furnace
to decompose the precursors. Later, these decomposed precursors were
reground, pressed into pellets, and finally sintered in the microwave fur-
nace at 650, 700, and 750 �C for 20min (named “P-650,” “P-700,” and “P-
750”) in air. The heat treatment at 450 �C ensures complete decomposi-
tion of the precursors and facilitates achieving improved crystallinity and
stable crystal structure of materials during the subsequent microwave
sintering step.

Structural, Compositional, and Physical Characterization: Powder XRD
measurements were performed to identify the phase purity of all the
synthesized materials using a PANalytical diffractometer (Empyrean)
equipped with Cu Kα radiation. The XRD patterns were collected between
10�≤ 2θ≤ 90� with the step size of 0.01�. The particle morphology (shape,
size, and distribution) was investigated using FE-SEM (Nova). To prepare
the samples for SEM analysis, a small amount of powder (LNMO) was
spread on the carbon tape attached on the top of the aluminum stub which
was gold sputtered for 40 s. Furthermore, a transmission electron
microscope (Talos F200X, FEI) was used to take elemental mapping
and high-resolution images of the prepared materials. The TEM samples
were prepared by dispersing the powder sample in ethanol and sonicated
for 10min to get a well-dispersed material. Later, this material was
dispersed on a copper grid and dried in an oven at 80 �C for 15min.
TGA (Perkin Elmer, TGA 4000) was performed for the precursor
LNMO material from room temperature to 700 �C at the heating rate
of 10 �C. The BET surface area of the samples was measured using an
AimSizer (AS-3012). Finally, the particle size distribution of the materials
was measured using a Malvern Zeta Sizer (Nano ZSP).

Electrode Fabrication: The cathode for the electrochemical testing was
fabricated by making a slurry of active material (LNMO), conductive
carbon (Super-P), and polyvinylidene fluoride (PVDF) in 1-methyl-2-
pyrrolidone (NMP) as a solvent. The ratio of active material, carbon,
and PVDF was 80:10:10 (wt%). The slurry was allowed to mix in a glass
vial for�6 h to get homogenous mixing of all the materials. The slurry was
then cast on aluminum foil, using a doctor blade technique. The cast elec-
trode was immediately shifted to the oven at 120 �C and dried for 2 h to
remove the NMP solvent. The dried electrode was then calendared using a
rolling press. Electrodes with a diameter of 14mmwere punched from this
calendared electrode, which were then shifted to a vacuum oven operating
at 120 �C to remove the traces of moisture. Finally, the dried electrodes
were shifted to a glove box for cell assembly.

Electrochemical Measurements: Electrochemical measurements were
conducted using a 2032-type coin cell assembled in an argon-filled glove
box. Lithium metal, synthesized LNMO materials, and Celgard 2325 were
used as the anode, cathode, and separator, respectively. The electrolyte
was composed of 1 M LiPF6 in a mixture of dimethyl carbonate (DMC)
and ethylene carbonate (EC) (1:1 by v/v) (Sigma Aldrich). Electrochemical
measurements were performed in the voltage window of 3.5–4.9 V using a
WonAtech WBCS 3000L battery cycler. Electrochemical impedance
measurements (EIS) were performed using a Solartron battery cycler
(1470E). For the EIS analysis, the two-electrode system (Li-ion half-cell
configuration) was used with lithium metal as the anode and reference
electrode, and the synthesized LNMO materials as the working electrode
(cathode).
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