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Abstract

Amorphous carbon is coated on LiNi; 3Mn,;3Co,/30, cathode material for lithium batteries. The carbon-coated material shows improved thermal

stability and electrochemical performance compared with bare material.
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1. Introduction

Lithium-ion batteries (LIB) have been widely used in portable
appliances such as cellular phones, digital cameras and note-
book PCs, because their performance is excellent, in particular
they have high specific energy. Lithium cobalt dioxide has been
being adopted as the cathode material in commercial LIBs,
since it has many merits such as easy preparation, high electric
conductivity, high specific energy, and stable discharge capac-
ity. On the other hand, its low thermal stability and high cost
are the main obstacles to its application in large-size cells for
hybrid-electric vehicles. Recently, layer-structured LiNiO; and
spinel-structured LiMnO; have been investigated as alternatives
to LiCo0O;. LiNiO» has high reversible capacity but low thermal
stability, and LiMnyOy4 has high thermal stability and low cost
but low reversible capacity. To overcome these disadvantages,
much intensive research has been conducted on a new cathode
material of LiNij;3Mn;;3C01,30,. Ohzuku and Makimura [1]
prepared a layer-structured LiNij;3Mn3Co130, as the cath-
ode material for a LIB, and this material has attracted attention
as an alternative to LiCoO», because it has high capacity and a
stable structure [1]. Furthermore, Amine et al. [2] reported that
LiNi;3Mn13Co130; is a promising candidate electrode materi-
als for use in hybrid-electric vehicles. Its reversible capacity was
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measured to be 160mAh g~ at a cut-off voltage of 2.5-4.4V,
and was 200 mAh g_1 at a cut-off voltage of 2.8-4.6 V [3,4]. It
has also been found [5] that LiNij;3Mn{;3Co1,30; has a hexag-
onal a-NaFeO, crystal structure with a space group of R3m
[5]. This material has, in comparison with LiCoO3, a high ther-
mal stability, and possesses excellent cell performance as well
as being a relatively low-cost material. On the other hand, it
has lower electronic conductivity than LiCoO; [6,7]. In order
to improve the conductivity, there have been many studies relat-
ing to coating materials, such as Al,O3, AIPOy4, LiAIO; [8,9],
applied to the surface of the material.

The aim of this work is to improve the rate capability of
LiNi;;3Mn13Co01302 by carbon coatings. Sugar is pyrolized
to form a carbon layer on the active material. This layer can
improve the charge-transfer rates for redox reactions.

2. Experimental

Table sugar was used to apply a carbon coating on the
LiNi;3Mny/3Co1/30; surface. The LiNij3Mny/3Co;/30; active
material (Daejung Chemical Co.) was synthesized using a co-
precipitation method. After preparing the sugar and the active
material at a given ratio, they were mixed for 3 h using ethanol
as the solvent. The mixed solution was sintered at 350 °C for
1 h in a box-type furnace. The coated carbon content was mea-
sured with a thermogravimetric analyzer (TGA, TA instruments,

Q100) [6].
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In order to identify the crystal structure of LiNij;3Mny/3
Co1/302 material, a PW 1830 X-ray diffraction analyzer (Phillips
Co.) was used. The sweep range (20) was set between 10°
and 80°, and the step size was 0.02°. The surface structure
and the ingredients of the obtained powder were analyzed by
means of scanning electron microscopy (SEM) using a Hitachi
S-4800 instrument. The surface morphologies were observed
with an SEM (Philips XL 300) and a transmission electronic
microscope (TEM, JEOL 2100F). The cathodes were prepared
from an 86:6:8 (wt.%) mixture of active material; polyvinyli-
dene difluoride (PVDF, Aldrich) as a binder and Super P carbon
black (MMM Carbon) as conduction material. The mixed slurry
was coated on an aluminum foil, dried at 100 °C for 24 h, and
hot-roll pressed at a pressing ratio of 25%. Lithium metal and
polypropylene (Asahi Co.) were used as an anode and a sepa-
rator, respectively. A solution of EC/DEC (1:1 vol.%) with 1 M
LiPFg was used as an electrolyte. A 2032-type coin cell was
assembled in a dry room and aged for 24 h at normal temperature.

Differential scanning calorimetry (DSC) was used to deter-
mine the thermal stability of the active material. The analysis was
undertaken with a DSC Q 1000 (TA Co.) instrument. The sample
was made by charging the coin cell to 4.3 V versus Li/Li*, and
then drying it for 24 h at 80 °C. The temperature range for the
measurement was between 50 and 500 °C, with a rate of increase
of 10°Cmin~".

In the rate performance tests, the cell was given a 30 min
rest time after being charged at 0.2C, and its electrical discharge
characteristics were evaluated by differentiating the discharge
current at 0.2C, 0.5C, 1.0C, 2C and 5C, respectively. In the
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Fig. 1. X-ray patterns of bare- and carbon-coated LiNij;3Mn;3Coy/30, powder.

cycle performance test, after charging at 0.5C with a constant
current, the cell was given 30 min rest time, and then discharged
100 times, repeatedly. The voltage range was between 2.8 and
4.3 V. Also, after 10 cycles, the electrical transmission rate was
measured using IM6.

3. Results and discussion

The X-ray diffraction pattern of carbon-coated LiNij;3Mny/3
Co1/30; active material is displayed in Fig. 1. Peaks due to the
presence of impurities are not observed and the material has the
hexagonal crystal structure of a-NaFeO, with a space group of

Fig. 2. SEM images of bare- and carbon-coated LiNij;3Mnj3Coy,30, powder.
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Fig. 3. TEM micrographs of carbon-coated LiNij;3Mn;;3Co1302 powder.

R3m. From the observation of peak splitting of 006/012 and
108/1 10 near 38° and 65°, respectively, it can be seen that the
layered structure is well developed [5].

The surface morphologies of bare-, 1 and 3 wt.% carbon-
coated active materials are given in Fig. 2. The LiNij;3Mnj3
Co1302 powders prepared by co-precipitation are not uni-
form in particle size. Small particles of 2-3 wm are clustered
spherically in sizes ranging from 8 to 10 wm. However, the
carbon-coated layer is not identifiable by SEM analysis. This
is due to the fact that carbon is coated at a nano-thickness. Fig. 3
shows TEM images of carbon-coated LiNij;3Mn;;3C0130;
powders. It can be seen more clearly from the images that
a nanolayer amorphous carbon is coated on the surface of
LiNij3Mnj3Co130; particles. Evidently, the nanolayer carbon
is formed during the heat-treatment process. After milling in
the planet mixer for a long time, the sugar is well-mixed with
the LiNij3Mn1,3Co1,30; particles. With further calcination, the
sugar decomposes into conductive carbon and coats on to the
surfaces of LiNij;3Mnj/3Co1/30; particles. Of course, the cal-
cination time is an important factor. When the time is too long,
the formed carbon will disappear due to reactions with oxygen
in the air [10].

The thermal stability of the fully charged cell (4.3V ver-
sus Li/Li*) was measured using DSC. The results are shown
in Fig. 4. There are two exothermic peaks for each sample.
Usually, thermal decomposition properties are affected by the
state of delithiation, synthesis method, preparation conditions,

Table 1
Discharge capacity of bare- and carbon-coated LiNi;;3Mn;;3Co130, materials

average particle size, size distribution, and type of electrolyte.
The amount of heat generation of the non-coated sample is
161.3J g~ ! and the peak temperatures of the exothermic reaction
are 362.4 and 457.8 °C, respectively. The two exothermic peaks
of the 1wt.% carbon-coated sample are somewhat different,
although the initial heat generation is similar. The exothermic
peaks of the 3 wt.% carbon-coated samples are greatly reduced
compared with the bare sample; the peak temperatures are 379.8
and 456.5°C and the heat generation is 105.8Jg~". It is con-
cluded that the coated carbon layer on the particle surface of
LiNij;3Mn1,3Co1/30, active material suppresses the generation
of oxygen and thus improves the thermal stability [11].

To evaluate the rate capability of the bare- and carbon-coated
powder, the cells were charged and discharged at various cut-
off voltages. The 1 wt.% carbon-coated sample was charged and
discharged at a cut-off voltage of 2.8—4.3 V, and its voltage pro-
file is shown in Fig. 5. Also, the discharge capacity and its
retention of the bare-, 1 and 3 wt.% carbon-coated materials are
summarized in Table 1. The bare material delivers a discharge
capacity of 151.4mAhg~! at the 0.2C rate and 128.6 mAhg~!
at the 5C rate, i.e., a 84.9% retention of capacity compared to
that at the 0.2C. The 1 wt.% carbon-coated sample exhibits a
high discharge capacity of 134.3mAh g~! at the 5C rate, which
is 87.4% discharge retention compared with the capacity of
153.7mAhg~! at the 0.2C rate. The rate performance of the
1 wt.% carbon-coated material is higher than that of LiCoO»
coated with Al,Os; its capacity retention at the 1C rate is 91%

Current rate Bare

1 wt.% coating

3 wt.% coating

Discharge capacity Capacity retention

Discharge capacity

Capacity retention Discharge capacity Capacity retention

(mAhg™") (%) (mAhg™") (%) (mAhg™") (%)
0.2¢C 1514 100 153.7 100 144.6 100
0.5C 147.0 97.1 150.0 97.6 139.5 97.8
1C 1412 933 145.7 94.8 1323 92.8
2C 137.0 90.5 142.6 92.8 1235 86.6
5C 128.6 84.9 134.3 87.4 1132 79.4
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Fig. 4. DSC profiles of bare- and carbon-coated LiNij;3Mnj,3Co130, powder
after charging to 4.3 V.
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Fig.5. Rate capability of 1 wt.% carbon-coated LiNij;3Mn,3Co1,30, materials.

compared with the 0.2C rate [12]. This is considered to be due
to the fact that the electrical conductivity of the carbon-coated
material has improved [13,14] and that this, in turn, has enhanced
the rate performance. However, the 3 wt.% carbon-coated pow-
der delivers a low discharge capacity of 113.2mAhg~! at the
5C rate, which is a capacity retention of 79.4% with respect to
that at the 0.2C rate.

The LiNij3sMnj3Co01/30, material was charged and dis-
charged for 50 cycles, to evaluate its cycle life performance, over
the voltage range of 2.8-4.3 'V at the 0.5C rate. The discharge
capacity of the sample as a function of cycle number is shown
in Fig. 6. The capacity retention of the bare- and 1 wt.% carbon-
coated material is similar after the 50th cycle, viz., 98%. By
contrast, the capacity retention of the 3 wt.% carbon-coated sam-
ple decreases to 90% after 50 cycles. Furthermore, it is observed
that after coating with carbon, the capacity is actually reduced. It
is suggested that this might be due to the fact that inactive carbon
materials are coated on the LiNi;3Mn(;3Co1/30, material.
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Fig. 6. Discharge capacity of bare- and carbon-coated LiNij;3Mnj3Co01302
powder with charge—discharge cycling.
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Fig. 7. Electrochemical impedance spectra of bare- and carbon-coated
LiNi;3Mn;3Co1/30, materials after 10 charging—discharging cycles.

Typical Nyquist plots of the bare- and carbon-coated
LiNii;3Mnj,3Co1/30, composite electrodes are shown in Fig. 7.
The impedance was measured after 10 cycles at the 0.5C rate
over a voltage range between 2.8 and 4.3 V. Both types of mate-
rial exhibit a semicircle in the high-frequency region, and a
straight line in the low-frequency region. The numerical value of
the semicircle diameter on the Z. axis is approximately equal to
the charge-transfer resistance (R¢). After 1 wt.% carbon coat-
ing, R. is markedly decreased. The straight line is attributed
to the diffusion of lithium ions into the bulk of the electrode
material, which is called Warburg diffusion. After 10 cycles,
the impedance of the bare material increases to 120 €2, but
the impedance of the 1 and 3 wt.% carbon-coated materials is
actually reduced. The 1 wt.% carbon-coated sample shows the
smallest impedance, viz., 40 Q2. This is probably because, the
carbon coating has improved, the electric conductivity [15]. Itis
clear that the diffusion coefficient of the lithium ions is greatly
increased during intercalation and de-intercalation by the car-
bon coating. This suggests that the carbon coating causes an
enhancement of conductivity [16], which will be favourable for
electrochemical performance during cycling at high rate.

4. Conclusions

Cells with the carbon-coated LiNij;3Mnj/;3Co01,30, active
material have been prepared and their electrochemical charac-
teristics have been evaluated. The following results have been
obtained.

LiNii;3Mn1,3Co1/30, material shows spherical morphology
with an excellent layered structure. When carbon is coated on
the particles via the addition of sugar, impurity peaks are not
observed in XRD patterns. From DSC analysis, the carbon-
coated layer on the surface of LiNij;3sMnj3Co01,30, active
material is found to suppress the generation of oxygen and, in
turn, improve thermal stability.

The rate capability of the material is improved by car-
bon coating of the material, compared with bare material; the
capacity retention of a 1 wt.% carbon-coated sample at the 5C
rate is 87.4% with respect to that at the 0.2C rate. After 50
charge—discharge cycles, the discharge capacity retention of the
1 wt.% carbon-coated material is 98%, i.e., similar to that of bare
material.
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