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Layered-structural LiNiosMno sO2 has high discharge capacity, abundant availability,
enhanced chemical stability, convenient environmental benignancy, and low cost.
However, LiNio.sMno.sO2 suffers from poor intrinsic rate capability due to its poor ionic
conductivity (2.54 x 10”7 S/cm) and poor cycle stability owing to the volume change of
the cathode materials during cycling. To address this issue, honeycomb-shaped
LiNio.sMno.sO2 was developed for lithium-ion batteries using a sol-gel method with
spherical polymethylmethacrylate (PMMA) particles. PMMA particles provide
spherical voids in LiNiosMnosO2 cathode materials due to their relatively low
decomposition temperature (< 350 °C). Honeycomb-shaped LiNiosMnosOz has a
higher surface area (2.63 m%/g) than the LiNiosMnosO2 (2.00 m%*g) produced by
conventional sol-gel method. The initial discharge capacities of conventional nano
LiNio.sMno.sO2 and honeycomb-shaped LiNio.sMno.sO2 are 151.9 mAh g and 200.4
mAh g, respectively at 0.1 C. After 50 cycles at 1 C, honeycomb-shaped
LiNio.sMno.sO2 has a larger capacity retention than conventional nano LiNiosMno.sOz,
measuring 67.9% and 58.8%, respectively. The superior electrochemical performance
of honeycomb-shaped LiNio.sMno.sO2 increases the effective surface area for Li-ion
diffusion, leading to better rate capability, and buffers the volume change during Li*
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ion insertion/extraction, improving the cycling stability.

1. INTRODUCTION

Lithium-ion batteries (LIBs) are gaining attention for their
applications in Electronic vehicle (EV) [1-3]. Since
LiNigsMngsO, (LNMO) was first reported by Ohzuku and
Makimura [4], it has been considered promising candidates
for use in LIBs. The advantageous characteristics of LNMO
include high discharge capacity, abundant resources,
improved chemical stability, environmental benignancy, and
cost competitiveness compared to LiCoO; [5-19]. LNMO
exhibits several merits in its electrochemical performance;
however, it suffers from poor intrinsic rate performance due
to its poor ionic conductivity (2.54 x 10”7 S/cm [20]).

Over the past few years, some researches have sought to
enhance the rate capabilities of nanostructured layer cathode
materials [13-19]. Nano-sized materials exhibit higher
capacities and better rate capabilities due to their shorter
diffusion pathway and broader electrolyte/electrode contact
areas. However, the nano-sized particles in these studies were
exfoliated from the Al current collector during repeated
expansion and contraction due to volume change. Therefore,
it is preferable to study the surface area without reducing the
particle size.

In this study, honeycomb-shaped LNMO (H-LNMO) was
developed by using the sol-gel method with spherical
polymethylmethacrylate (PMMA) particles and organic
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surfactant. The PMMA particles provide voids in LNMO
after calcination due to the lower decomposition
temperatures of the particles (< 350 °C). In addition, the inner
carbon layer is generated by decomposing the PMMA
particles and organic surfactant during the calcining process.
H-LNMO has a larger specific surface area (2.69 m?/g) than
conventional nano LNMO (C-LNMO) (2.00 m?/g) because
its honeycomb-shaped design generates a wide surface area
without reducing the particle size to prevent exfoliation by an
Al current collector [22-24]. This leads to improved ionic
conductivity due to enhanced insertion and desorption of Li*
ions, and consequently, significantly improved discharge
capacity and cycle stability compared to conventional
nanoparticles.

2. EXPERIMENT

2.1 Preparation of LiNio.sMno.s02

The chemicals used for the initial steps of citrate gel
synthesis were LiNOs : 1.379g, (Aldrich) Ni(NO3),6-H,O :
2.907g (Aldrich), Mn(NO3) 2 -4H,0 : 2.587g (Aldrich, 97%),
and C¢HgO7 : 7.7628g(Aldrich, 99%).

The overall procedure for the preparation of LNMO is
shown in Scheme 1. The initial materials were dissolved in
deionized (DI) water and stirred for 6 h at 80 °C to form a
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sticky gel. The gel precursors were then dried in an oven for
3 h at 120 °C to form a resin-like sponge. The resin
precursors were dissolved in DI water again, after which
commercially available PMMA (ASP Corp., Korea) was
added to the solution (1:1 vol. ratio). To dissolve the
hydrophobic PMMA in the hydrophilic solution,
polyoxyethylene (10) tridecyl ether (Aldrich) was added as a
surfactant, and the solution was mixed until a paste formed.
The resulting paste was calcinated at 900 °C for 10 h in open
air to obtain H-LNMO.
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Scheme 1. Flow chart depicting the preparation of H-
LNMO.
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2.2. Material characterization

X-ray diffraction (XRD) patterns for the cathodes were
obtained using a Siemens D-5000 diffractometer in the 20
range from 10° to 80 ° with Cu Ko radiation (A = 1.5406 A).
The morphology of the powder was observed using a JSSM—
7610F scanning electron microscope (SEM). The particle
size distribution was measured using a particle size analyzer
(CILAS, 1090L).

2.3. Electrochemical test

To prepare the positive electrode, a mixture of 80%LNMO
powder, 10% super-P carbon black (Sigma—Aldrich), 10%
polyvinylidene difluoride (Kureha KF100) binder was added
to a crucible and ground.

The resulting viscous slurry was spread on an aluminum foil
using a doctor blade to achieve uniform thickness. The film
was then dried at 120 °C for 4 h in a vacuum oven.
Afterwards, the CR2032-type coin cell was assembled in a
glove box from the cathode film, a lithium metal foil, a
porous polypropylene film, and a 1 M LiPFe solution in
ethylene carbonate (EC)/dimethyl carbonate (DMC) mixture
(volume ratio = 3:7).

Lithium metal foil was used as the counter and reference
electrodes, respectively. After the coin cell assembly, the test
cells were charged and discharged galvanostatically between
3.0 and 4.6 V versus Li/Li" at a constant current density (17
mAg! at a rate of 0.1 C). Cycle performances were carried
out at a high current density (170 mAg™! at a rate of 1 C rate).
Volume of electrolyte: 0.2ml, Ar atmosphere, glove box
brand :korea kiyon , glove box moisture content: 0.4ppm.

3. RESULTS AND DISCUSSION
Figure 1 (a) shows an SEM image of the as-prepared C-
LNMOThe average particle size of C-LNMO was estimated
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to be 100-300 nm. The PMMA decomposition process at a
temperature of 200 °C (Figure 1 (b)) shows that the
honeycomb structure of H-LNMO is formed by evaporation
before reaching the synthesis temperature. The average
diameter of PMMA measured by PSA was approximately 5
um. The pore diameters within the LNMO were 4.12 um on
average, similar to the particle size of PMMA. Figure 1(e)
shows the average particle size of honeycomb-shaped
LiNig sMngsO,. The average size is 21.42 um. Figure 1 (f)
there is no carbon peak of PMMA. It is considered that the
carbon peak is not observed because PMMA is an amorphous
material.
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Figure 1. SEM images of (a) conventional nano (C-
LNMO)and (b) honeycomb-shaped LiNigsMngsO> (H-
LNMO) materials. (Inset (c) is an expanded image of (b),
and inset (d) is an expanded image of (c)). (¢) PSA images
of honeycomb-shaped LiNiysMnsO; (f) Raman spectra of
PMMA in 1000-3000cm™

This result suggests that the solid-state diffusion length of
Li"in H-LNMO is shorter than that of Li* in C-LNMO. These
factors indicate that H-LNMO has significantly improved
rate performance compared to C-LNMO.
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Figure 2. Particle size distributions and specific surface
areas of C-LNMO and H-LNMO.
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The particle size distribution of the as-synthesized C-
LNMO and H-LNMO samples was measured by PSA, shown
in Figure 2. The primary particles were nano-sized. However,
the secondary particles were agglomerated and ranged in size
from 1.1 to 64 um. H-LNMO had smaller aggregated particle
sizes than C-LNMO due to CO2 and O2 gas generated by the
evaporation of PMMA. The gases can physically block
particle agglomeration. The specific surface area was also
measured. H-LNMO had a larger specific surface area (4.72
m?/g) than C-LNMO (2.63 m?/g) due to the reduction in
aggregated secondary particle size and the shape of the pores,
as shown in the SEM images.
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Figure 3. Nitrogen adsorption and desorption isotherms for
(a) C-LNMO and (b) H-LNMO, and (c) the corresponding

pore size distribution curve determined.

The Brunauer—-Emmett—Teller (BET) specific surface areas
ofC-LNMO and H-LNMO were measured using N,
adsorption—desorption isotherms at 77K (Figure 3 (a) and
(b)). Notably, C-LNMO had a BET surface area of 2.00
m?g”!, which was muchsmaller than that of H-LNMO (2.69
ng—l).

In addition, the pore-size distribution analysis shown in
Figure 3(c) indicated that H-LNMO possessed a relatively
larger pore size distribution. These results showed that
spherical PMMA can inhibit the aggregation of nanoparticles
and dramatically increase the surface area.
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Figure 4. (a) XRD patterns of C-LNMO and H-LNMO
cathode materials.(b)

Table 1. Lattice parameters of C-LNMO and H-LNMO

Volume
Sample a (A) c(A) (A3
C-LNMO 2.895 (+0.004) | 14.166 (£ 0.013) 102.778
H-LNMO 2.895 (+0.003) | 14.142 (+ 0.009) 102.634
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Figure 4. shows the XRD patterns of the as-synthesized C-
LNMO and H-LNMO samples. The diffraction peaks of both
C-LNMO and H-LNMO indicated a pristine hexagonal
structure with an R3m space group. With the same synthetic
solution, a fairly broad peak was observed around 13° for C-
LNMO, whereas a weak peak was observed in the same
location for H-LNMO. 1t is speculated that the difference in
peak strengths occurs due to O, gas produced by the
evaporation of PMMA reacting with the carbon residue. As
a result, the thickness of the carbon coating can be controlled
by varying the volume of PMMA.

Table 1 lists the lattice parameters of the C-LNMO and H-
LNMO samples. Although H-LNMO had a larger surface
area than C-LNMO, there was no significant change in the
size of the lattice parameters.
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Figure 5. (a) Initial charge—discharge curves and (b)
differential capacity versus voltage plots of C-LNMO and
H-LNMO in the voltage range 3.0-4.6 V at 0.1 C. (c) Rate

capabilities of C-LNMO and H-LNMO. (d) Discharge
capacity versus cycle number of C-LNMO and H-LNMO
cycled at 1 C in the voltage range 3.0—4.6 V at 25 °C.

As shown in Figure 5 (a), the initial charge—discharge
capacities of C-LNMO and H-LNMO were evaluated
between 3.0 and 4.6 V at a constant current density of 17
mAg ™! (rate of 0.1 C) and a temperature of 25 °C. The initial
discharge capacities of C-LNMO and H-LNMO were 151.9
mAhg™! and 200.4mAhg™!, respectively. The differential
capacity versus voltage plot (Figure 5 (b)) illustrates the
polarization between the charge—discharge peaks of C-
LNMO and H-LNMO, at 89 mV and 110 mV, respectively.

Figure 5 (c) shows the rate capabilities of C-LNMO and H-

LNMO. The rate performance of H-LNMO was higher than
that of C-LNMO for all C-rate ranges.
Figure 5 (d) shows the discharge capacities versus cycle
number of C-LNMO and H-LNMO when the materials were
evaluated in the voltage range 3.0—4.6 V at a constant current
density of 170 mAg™' (rate of 1 C) and a temperature of 25
°C.

After 50 cycles, the remaining capacity of H-LNMO
(67.9%) was higher than that of C-LNMO (57.8%). These
results suggest that smaller grains in the composite shorten
the diffusion
lengthof Li*, and macro-pores and a wide specific surface



Seon-Jin Lee et al. / J. New Mat. Electrochem. Systems

area improve the interfacial contact between the electrode
and electrolyte [25].

In addition, the enhanced cycle stability suggests that the
structure of H-LNMO induces volume expansion and
contraction to the inner cavities during cycling, thereby
preventing the exfoliation of the electrode from the Al
current collector. This shows improved ionic conductivity
due to enhanced insertion and desorption of Li* ions, and
consequently, significantly improved electrochemical
performance compared to conventional nanoparticles.

Table 2. Film resistance of the surface membrane (Rsgi) and
charge-transfer resistance (Rc;) of C-LNMO and H-LNMO

Figure 6 (e) illustrates the peak voltages of the differential
capacity plots versus cycle number. In both samples, the
overvoltage increases as the cycles progress; however, the
overvoltage of H-LNMO is noticeably less than that of C-
LNMO.

The overvoltages at 20 cycles were 275 mV and 160 mV for
C-LNMO and H-LNMO, respectively, and the overvoltages
at 50 cycles were 526 mV and 340 mV, respectively. The
differences between the overvoltages of C-LNMO and H-
LNMO in cycles 20 and 50 were 115mV and 186mV,
respectively. This result is evidence that the honeycomb-
shaped structure facilitates the diffusion of Li as the cycles
progress.
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Figure 6. (a), (c) Initial charge—discharge curves and (b),
(d) differential capacity versus voltage plots of C-LNMO
and H-LNMO in the voltage range from 3.0 to 4.6 V at 1 C.
(e) Peak voltage of differential capacity plots versus cycle
number.

Figure 6 illustrates various behaviors that confirm the
benefits of increased surface area. Figure 6 (a) and (c) depict
initial charge—discharge curves and Figure 6 (b) and 6 (d)
show differential capacity patterns versus voltage from 3.0 to
46VatlC.
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4. CONCLUSION

H-LNMO was successfully synthesized using a sol-gel
method with PMMA and an organic surfactant. The XRD
results indicated an a-NaFeO; structure. The primary particle
sizes of C-LNMO were approximately 100-300 nm. The
wall thickness of H-LNMO was approximately 142 nm. The
specific surface areas of the as-synthesized C-LNMO and H-
LNMO samples were 2.00 m?g™" and 2.69 m?g™!, respectively.
The initial discharge capacities of C-LNMO and H-LNMO
were 151.9 m’g™! and 200.4 mAh g™!, respectively. The rate
performance of H-LNMO was higher than that of C-LNMO
for all C-rate ranges. The large specific surface area and the
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short Li* diffusion pathways of H-LNMO incresed ionic
conductivity due to enhanced insertion and desorption of Li*
ions and improved the discharge capacity and rate
performance of the material compared to conventional
nanoparticles.
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NOMENCLATURE
°C temperature
g weight
\% Voltage
Greek
symbols
A wavelength
0 angle
n Micro- (one millionth)
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