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ABSTRACT
The current work presents the effect of stirring hours and drying temperature on the quality of slurry, its surface morphology,
and electrochemical performances of electrodes. Physical characterization studies, such as XRD, SEM, and SEM of slurry, and
electrochemical characterization studies, namely, the investigation of charge-discharge capacities, rate performances, cyclability,
and AC-impedance, were carried out. The cathode slurry was prepared at four different stirring intervals of 3 h, 4 h, 5 h, and 6 h
and six different drying temperatures of 80, 90, 100, 110, 120, and 130  C. The results showed that slurry obtained at a stirring time
of 5 h and at a drying temperature of 120  C exhibited best physical and electrochemical performances. SEM images showed that
slurry obtained at a stirring time of 5 h has better surface uniformity and homogeneity compared to others. The electrodes prepared from this slurry also showed improved charge-discharge capacity and rate performance and low impedance. The initial discharge capacities of the electrodes, made from slurry with stirring times of 4 h, 5 h, and 6 h, were 54, 73, and 58 mA hg1,
respectively at a current rate of C/10. The current study also provides clear-cut outline steps to prepare good quality cathode
slurry. This study may provide guidelines for new researchers in the field of Li-ion battery technology to overcome these issues
and get first hand good quality slurry for better results.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5051583

I. INTRODUCTION
Spinel cathode LiMn2O4 and layered LiCoO2 based Li-ion
battery materials have been studied over the past 2–3 decades.
The supportive features such as high open circuit voltage, high
energy and power density, and low toxicity and cost of LiMn2O4
over the layered LiCoO2 have made it the forefront runner and
leader to supply future generation energy storing technology.1–6
The major research concern is to find a novel and stable cathode
material for energy storage. These cathode materials include
doped cathodes, transition metal (Fe, Zn Co, Al, and Mg) doped
cathodes,7–11 rare-earth doped (Nd, Gd, Dy, Tb, and Sm) cathodes,12–16 dual metal doped (Gd þ Co) cathodes,11 transition metal
and non-metal doped (Mg-F) cathodes,17 metal oxide coated
cathode ZrO,18 and alternate cathode LiFePO419 for making
lithium ion based rechargeable battery technology viable and
economical. The cathode is considered as current capacity
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determining part of batteries. Other parts of batteries, anode,
separator, electrolyte, and packaging material, play an equivalent role in making the technology marketable. The fabrication
of the cathode involves a cathode material (CM), carbon black
(CB) as a conductive agent, and a binder (PVDF) and also involves
slurry process steps. However, less attention was paid towards
the slurry process optimization based on the stirring duration.
The cathode fabrication process can be categorised into
three parts: (a) slurry processes (mixing of raw materials), (2)
coating and drying, and (3) cutting of electrodes.20 The slurry
process contains the optimization of the amount of CM, CB,
PVDF, and solvent (NMP), its mixing sequence and loading rate,
stirring rate, RPM, and duration of stirring. The next steps are
the coating strategy, determination of drying temperature and
its duration, calendaring, and cathode cutting method.
Researchers reported that battery performance was affected by
the sequence of mixing and rheological properties; viscosity,
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fluid flow, and visco-elasticity;21–23 electrode thickness,24 immiscible fluid mixing (water in organic solvent),25 dispersion of solid
ingredients during the slurry process using dispersion agents,26
length of uniform loading,27 material phase formation,28 material
loading rate,29 amount of carbon black and polyvinylidene difluoride (PVDF) binder,30 styrene butadiene rubber (SBR) binder in
aqueous medium, particle size dependent homogeneity,31 and
energy impact of the drying process.32 The slurry quality based on
NMP solvent assessed by AC impedance spectroscopy showed
the large variation of 300 X to 3000 X in the internal impedance
of the cell.33 The effect of these parameters was not found in a
single study as cumulative in the literature survey.
The current work presents the effect of the drying temperature and stirring duration at fixed RPM on spinel cathode
LiMn2O4. The influence is assessed through the study of the surface morphology, cyclic voltammetry, charge-discharge studies,
and AC impedance analysis. This study provides an easy path for
slurry preparation including straightforward steps to assist new
researchers in this field.

II. EXPERIMENTAL SECTION
A. Active material synthesis
The analytical grade chemical reagents, lithium acetate
dihydrate (LiOOCCH3*2H2O) and manganese acetate tetrahydrate [Mn(OOCCH3)2*4H2O], all from Alfa Aesar, were taken at a
stoichiometric ratio of 1:2. Each constituent was dissolved
homogeneously in 2-ethylhexanoic acid as a solvent with magnetic beads and stirred at 300 rpm for 1 h. Both the solutions
were mixed and kept at 250  C until converted into semiviscous gel. The magnetic bead was taken out and heated continuously, till gel converted into blackish-brownish powder. The
obtained powder was manually ground for half an hour and
pyrolyzed in a box furnace (Nabertherm GmbH, Germany), at
450  C for 4 h to remove organic impurities. To get the phase
pure spinel cathode, the powder was again heated at 850  C for
14 h with two steps, at rates of 6.83  C/min (up to 500  C) and
3.33  C/min (500 to 800  C). The resultant powder was ground
for 10 min manually in an agate mortar pestle.

B. Active powder characterization
An X-ray diffractometer, a scanning electron microscope,
and an energy dispersive X-ray spectrometer were used for
physical characterization of the synthesized battery grade
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powder. X-ray diffraction studies were performed on a Bruker
D8 advance, at two theta angles in-between 10 –80 with a scan
rate of 1 per minute in the locked coupled mode. The surface
morphology and elemental analysis were studied by Scanning
Electron Microscopy (SEM) using Carl Zeiss, Evo special addition
and attached with EDX (OXFORD Instruments). The beam current during surface morphology and energy dispersive X-ray
studies was 80 pA and 200 nA, respectively.

C. Cathode slurry preparation
The cathode slurry was prepared by taking 160 mg of active
materials (LiMn2O4), 20 mg of C-black (Alfa Aesar), 20 mg of
polyvinylidene difluoride (PVDF, Alfa Aesar), and 600 ll of
N-methylpyrrolidone (NMP), Alfa Aesar. The slurry preparation
was completed in two steps as shown in Fig. 1. In the first step, the
homogeneous solution of PVDF in N-methylpyrrolidone was
obtained, and in the second step, the dry mixture of active materials and C-black was poured slowly into the resultant homogeneous solution of the first step ensuring the continuous stirring at
400 rpm. After complete homogenization of the dry mixture in
solvent, the slurry was continuously stirred for a duration of 3–6 h
at 800 rpm. The slurry was prepared in different two sets of
batches T1 to T6 and S1 to S4. The first set of slurry batch (T1 to
T6) was stirred for 3 h/800 rpm and dried at 80, 90, 100, 110, 120,
and 130  C for T1 to T6 batches, respectively, to evaluate the effect
of temperature. The second set of slurry batch was dried at 120  C
and stirred for 3 h, 4 h, 5 h, and 6 h for S1 to S4, respectively.

D. Cell fabrication and electrochemical
characterization
The Al-metal foil coated with wet slurry (for both sets of
batches) was kept in an oven for drying at various temperatures
of 80, 90, 100, 110, 120, and 130  C and time durations of 2–4 h.
The dried cathode was cut into a circular shape with a diameter
of 8 mm and stored for further use. The other parts of the cell
were the anode (Li metal foil, Alfa Aesar, USA), separator
[Whatman glass microfiber filters (grade GF/A)], and electrolyte
1M LiPF6 into EC þ DMC (1:1) of Sigma Aldrich, USA. The two/
three connection swagelok cell was assembled in an argon filled
glove box; Mbraun, Germany; with H2O < 1 PPM and O2 < 2
PPM. Cyclic voltammetry was carried at a scan rate of 0.1 mV/s
using a CHI 600 instrument. The galvano-static charge-discharge studies were performed at different C-rates and up to 10

FIG. 1. Schematic of slurry preparation
steps for spinel cathode LiMn2O4.
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(311), (511), (440), and (531). The lattice constant and the particle
size were found to be 8.2888 Å. The occupancy of Mnþ3/Mnþ4
(I311/400) at tetrahedral site proportions was 1.59.
The surface morphology of synthesized LiMn2O4 cathode
powder and its elemental spectra were investigated and are
shown in Fig. 3. The particle shapes were irregular polyhedron
with different dimensions. The particle size varied from 1 lm to
400 nm. The average particle size was 0.5 lm. The tendency of
agglomeration was observed. EXD spectra revealed that elements manganese and oxygen were only observed. It is evidenced that no elemental impurity was formed during the
synthesis process. The homogeneity and quality of the prepared
slurry following the drying in an O2 atmosphere were also investigated by recording the 8 MX picture using a MOTO G2 inbuilt
camera to obtain the microscopic view and the SEM images to
see the microscopic view as shown in Figs. 4 and 5.
FIG. 2. XRD of LiMn2O4 calcined at 800  C for 14 h.

Cycles on an 8 channel battery analyzer, MTI Corporation, USA.
The AC impedance spectra were recorded from 0.1 MHz to 1 Hz
with 0.5 mV AC signals over open circuit potential.

III. RESULTS AND DISCUSSION
A. Structural and surface morphology analyses of the
active material
The phase purity of synthesized spinel phase cathode
material LiMn2O4 was assessed using an X-ray diffractometer
and is shown in Fig. 2. The crystal structure is well matched with
JCPDS file 35–0782.
The cubic phase has a space group of Fd3m. The sharp
peaks observed in the diffraction pattern are evidenced for better crystallinity and assigned to planes (111), (311), (222), (400),

B. Macroscopic and microscopic analyses of the
prepared slurry
The surface morphology of the prepared slurry was investigated using two mechanisms to obtain qualitative information
about the homogeneity. The effect of stirring hours and drying
temperature was evidenced that it has more impact on slurry
quality which includes homogeneous mixing of the Active material, C-black, and PVDF and smooth surface generation. The stirring speed (rpm) and time (hour) play a vital role in obtaining
better quality slurry-gel. The optimized stirring speed and time
give the better results compared to other mechanisms.
However, the particle size of the active material, carbon black,
and PVDF was also the determining factor. A series of experiments were carried out, and the results are presented in Figs. 4
and 5. The macroscopic views of the prepared slurries are presented in Fig. 4 at varying stirring hours from 4, 5, and 6 h and a
drying temperature of 120  C. It is evident that as stirring hours

FIG. 3. LiMn2O4 calcined at 800  C for 14 h: (a) surface morphology and (b) EDX elemental spectra.
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FIG. 4. Macroscopic view of the slurry prepared with different stirring hours (S2) 4 h, (S3) 5 h, and (S4) 6 h.

FIG. 5. SEM images of LiMn2O4 slurry prepared with different stirring hours of (S2) 4 h, (S3) 5 h, and (S4) 6 h.

increase, less cracks are observed, which means that the slurry
quality was improved with the increasing stirring hours. For the
slurry obtained at a stirring time of 3 h and a drying temperature
of 120  C, a large number of small range cracks appeared and the
sample was not further studied. Similarly, the drying temperature less than 120  C is also responsible for generating cracks.
To get more insight, the surface morphology of these slurries was investigated using scanning electron microscopy as
shown in Fig. 4 (S2, S3, and S4). The S3 image indicates that
slurry is more uniform and homogenous compared to others S2
and S4. The slurry (S1) was more non-uniform and leached out
from Al-foil. The S2 image shows that lumps of active materials
and other materials were not mixed properly. It needs more
time to obtain a homogeneity of mixtures. Image S4 shows that
cracks initiated in slurry. It may be due to breaking and cracking
of the cage of the binder on the active material and the carbonblack mixture.

oxidation potentials of 4.12 V and 4.0 V for Mnþ3 ⵧ Mnþ4 at tetrahedral and octahedral sites. More current and intense peaks
make the Liþ ion intercalation/de-intercalation process easier.
The current peak heights remain constant except few initial

C. Cyclic voltammetry and C-rate performance
The cyclic voltammograms (CVs) of synthesized spinel
cathode LiMn2O4 were recorded at 0.1 mV/s for 10 cycles in a
potential window of 3.5–4.5 V. The cyclic voltammetry of slurry
S3 at a scan rate of 0.1 mV/s for cycles 6–10 is shown in Fig. 6.
Similar CVs were observed for slurries S2 and S4 except the variation in the current peak height. The magnitudes of current
observed in S3 were 0.39 and 0.21 mA, corresponding to
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FIG. 7. Charge–discharge curve of slurry S3 for LiMn2O4 at a current density of C/10.

cycles, which also indicates that there is no increase in electrical
resistance during the successive scan cycles.

D. Charge-discharge and life cycle performance
The galvanostatic charge-discharge studies were performed for different slurries (S2, S3, and S4) at different C-rates
(C/10, C/5, and C/2). Figure 7 shows the 1st and 10th chargedischarge cycles for slurry S3 at the C/10 rate. The initial charge
and discharge capacities at the C/10 rate were 85 and 73 mA h/
g for slurry S3 which were higher than those of slurries S2 and
S4 as shown in Table I. The retention of discharge capacity after
performing 10 cycles was 55 mA h/g (75%). Slurry S2 showed
low performance at rates of both C10 and C5, while slurry S4
performed intermediate. Also, Fig. 8(a) shows the discharge
capacity as a function of stirring time. It can be seen from the
figure that the maximum discharge capacity was found for the
slurry, obtained after a stirring time of 5 h. These results may be
attributed to the improved homogeneity in S4 compared to S2,
which is evidenced by SEM slurry images in Fig. 5 (S2 and S4).
The less agglomeration and more homogeneity in slurry
S3 (Figs. 5 and S3) were powerful features for the improved
discharge capacity. The non-uniformity and in-homogeneity
of active material distribution in slurry may reduce the Liþ diffusion process, which resulted in less capacity of the cathode. It
was reported earlier that the solution viscosity drops gradually

FIG. 8. (a) The specific charge/discharge capacity at the 10th cycle with stirring
time. (b) Cycle performance of LiMn2O4 slurries S2, S3, and S4 at the C/10 rate.

with mixing time and reaches a minimum value after a certain
period of mixing. At this point, the particles disperse uniformly
into the slurry.31,34,35 The more homogeneous slurry is free from
small air bubbles and provides a smooth and pin hole free coating onto the current collector. This can directly affect the consistency and performance of an electrode’s electrochemical
behaviour. This might be the reason for better electrode

TABLE I. Charge-discharge performance of cathode slurries at different stirring hours.
At the C/10 rate
1

Charge capacity (mA hg )
Slurry ID
S2
S3
S4

At the C/5 rate
1

Discharge capacity (mA hg )

1

Charge capacity (mA hg )

Discharge capacity (mAhg-1)

1st cycle

10th cycle

1st cycle

10th cycle

1st cycle

10th cycle

1st Cycle

10th Cycle

78
85
76

38
60
45

54
73
58

34
55
44

19
55
40

17
46
37

17
49
38

16
45
35

J. Renewable Sustainable Energy 11, 014104 (2019); doi: 10.1063/1.5051583
Published under license by AIP Publishing

11, 014104-5

Journal of Renewable
and Sustainable Energy

ARTICLE

scitation.org/journal/rse

cycle. The study revealed that initial 4 cycles are sufficient for
building up the solid electrolyte interface (SEI) and other polarization effects. After 4 cycles, there is no reduction in electrical
impedance, i.e., impedance was saturated and the maximum
impedance of the circuit was 12 X after 10 cycles. It also indicates
that reducing the impedance or stabilizing the impedance for
the slurry obtained at a stirring time of 5 h and at 800 rpm plays
a determining role in slurry preparation. The improved homogeneity and optimized particle size are essential for achieving low
impedance and high discharge capacity.

IV. CONCLUSIONS

FIG. 9. Cycle performance of LiMn2O4 slurries S2, S3, and S4 at the C/5 rate.

performance at 120  C and a stirring time of 5 h. The chargedischarge cycling at the C/5 rate was also investigated, and the
results showed almost stable discharge capacity up to 10 cycles.
The capacity retention was 91% (45 mA h/g). The cycling behaviour of slurries (S2, S3, and S4) was assessed and is shown in Fig.
8(b) for the C/10 rate and in Fig. 9 for C/5. The capacity loss at
C/5 was less compared to that at the C/10 rate up to 10 cycles.
All slurries have stable discharge capacity at the C/5 rate with
the highest discharge capacity of slurry S3. The more stable discharge capacity at C/5 compared to C/10 also supports the stable lattice structure.

E. AC impedance analysis
Figure 10 shows the AC impedance of slurry S3 after each
CV cycle to understand the impedance build-up after each

Spinel LiMn2O4 was successfully synthesized via the
organic sol-gel route. The effect of stirring hours (3 h, 4 h, 5 h,
and 6 h) and drying temperature (80, 90, 100, 110, 120, and 130  C)
on active cathode slurry at fixed 800 rpm was investigated. The
physical characterization showed that pure cubic spinel phase
powders were obtained with an average particle size of 0.5 lm.
The cathode slurry (S3) prepared with stirring hours of 5 h at
800 rpm and dried at 120  C was found to be better than S2 (4 h),
S4 (6 h), and others. Slurry S3 (5 h) has the highest initial chargedischarge capacity of 85 and 73 mA hg1 at the C/10 rate among
all slurries. The discharge capacity and capacity retention were
high in S3, compared to S4 and S2. The low AC impedance of 12
X for S3 revealed that more homogeneity needed an appropriate
time of stirring during the slurry process. Thus, the slurry
obtained at a stirring time of 5 h at 800 rpm and a drying temperature of 120  C may be used further to prepare better quality
slurry of the cathode materials.
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