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Layered-type Li1.02Ni0.4Co0.2Mn0.4O2 material has been synthesized by citric acid -assisted sol gel
process. The resulting material was characterized by X-ray diffraction, scanning electron microscopy,
charge-discharge measurements and impedance spectroscopy. The cathodes were prepared with carbon
by hand grinding and ball milling. At a 0.1 C- rate and between 2.5 and 4.3 V, the hand-ground and
ball-milled Li1.02Ni0.4Co0.2Mn0.4O2 samples delivered a first-cycle discharge capacity of 156 mAh/g
and 167 mAh/g, respectively. At a high C-rate of 8C, the ball-milled sample gave a capacity of 133
mAh/g which was significantly higher than the capacity obtained from hand-ground sample (115
mAh/g). In a 50-cycle test at 8C, the capacity retention of hand-ground and ball-milled samples was
calculated as 75% and 87%, respectively. Ball milling the active material with carbon resulted in
enhanced capacity, rate capability and cycleability due to significant decrease in the contact resistance
between Li1.02Ni0.4Co0.2Mn0.4O2 and carbon particles.
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1. INTRODUCTION
Since the commercial introduction of lithium ion batteries about 15 years ago by Sony, LiCoO2
has been the dominating cathode material [1]. This material has several advantages such as ease of
preparation, high capacity, good rate capability and high electronic conductivity [2, 3]. However,
concerns over high cost of cobalt, toxicity, dissolution of Co, inherent safety problems, and buildup of
impedance during cycling have led a prolonged effort to find alternative cathode materials for the
advanced lithium-ion batteries [4-6]. Recently, transition metal layered oxides of composition LiNi1-xyCoxMnyO2 have been extensively studied for high capacity, rate capability, thermal stability and long
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cycle life. Among them, LiNi1/3Co 1/3Mn1/3O2, LiNi0.5Mn0.5O2 and LiNi0.4Co0.2Mn0.4O2 cathode
materials have been widely studied and are capable of delivering in excess of 155 mAh/g when cycled
to 4.3V and over 200 mAh/g to potentials above 4.6V [7-14].
In order to improve the electrochemical performance of the layered type materials, extensive
studies have been carried out to improve the performance of the cathode active materials by cationic
substitution. Among them, electrochemically inert metals such as Al, Mg, Zn, Ti, Fe and Zr [15-21]
have been used for partial substitution of Ni or Co to enhance the electrochemical performance of the
cathode since they have shown beneficial effects for the suppression of phase transitions and lattice
changes during charge–discharge cycling. An alternate approach to improve electrochemical
performance is to change the surface properties of the cathode material by coating its particle with
some metal oxides. The surface modifications of various layered oxides have been pursued extensively
with various coating materials including Al2O3, TiO2, ZrO2, and AlPO4 [22-25]. This modification is
believed to reduce reaction of electrodes with electrolyte at charged states since the inactive coating
layer prevents the electrode from direct contact with electrolyte.
Since layered oxide materials have low electronic conductivity, it has to be mixed with a
conducting additive such as carbon powder to increase the electronic conductivity of the working
cathode. It has been reported that ball milling process improved the cycle life of the spinel LiMn2 O4
cathode materials for rechargeable lithium ion batteries [26-28]. In this paper, we report the
preparation and electrochemical behavior of layered Li1.02Ni0.4Co0.2Mn0.4O2 cathode material ball
milled with carbon. The results are compared with the cathode material hand ground with carbon. Our
results here will show that a simple ball milling processing procedure can be advantageous to capacity,
rate capability and cycleability of the layered Li1.02Ni0.4Co 0.2Mn0.4O2 cathode material.

2. EXPERIMENTAL PART
Li1.02Ni0.4Co0.2Mn0.4O2 cathode material was synthesized by the citric acid sol-gel method [28,
29]. Stoichiometric amounts of Li(CH3COO).2H2O, Mn(CH3COO)2.4H2O, Ni(CH3COO)2.4H2O, and
Co(CH3COO)2.4H2O were dissolved in distilled water. Citric acid was used as a chelating agent. The
solution pH was adjusted to 7.0 with ammonium hydroxide. The solution was heated at 70−80 oC until
a transparent sol was obtained. The resulting gel precursor was dried at 120 oC for 4 h in air and
followed with decomposition at 450 oC for 8 h to remove the organic contents. The decomposed
powders were ground, and sintered at 850oC in air for 12 h. The heating rate of the powder was
2oC/min. The as prepared Li1.02Ni0.4Co0.2Mn0.4O2 powder was mixed with carbon in the weight ratio of
80: 10 by ball milling (Spex 8000 Mixer/Mill) with stainless steel balls for 2h. For comparison,
Li1.02Ni0.4Co0.2Mn0.4O2 powder was also prepared by the sol-gel process as described above and mixed
with carbon by hand grinding. Hereafter, the ball milled and hand ground Li1.02Ni0.4Co 0.2Mn0.4O2
samples with carbon are designated as BM- Li1.02Ni0.4Co0.2Mn0.4O2 and HG- Li1.02Ni0.4Co0.2Mn0.4O2,
respectively.
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Figure 1. X-ray diffraction patterns of (a) HG- Li1.02Ni0.4Co 0.2Mn0.4O2, and (b) BMLi1.02Ni0.4.Co 0.2Mn0.4O2 cathodes.

The Li, Co, Ni and Mn contents in the resulting materials were analyzed using an inductively
coupled plasma/atomic emission spectrometer (ICP/AES). The measured composition of the materials
is close to the target composition so that the nominal compositions are used to describe the materials
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throughout this paper for simplicity. The phase purity was verified from powder X-ray diffraction
(XRD) measurements. It should be noted Cr Kα X-ray source was used in this work. Therefore, the
peak positions obtained from Cu Kα X-ray source are different from the peaks positions obtained from
this work. The particle morphology of the powders after sintering was obtained using a scanning
electron microscopy (SEM).
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Figure 2. SEM photograph of (a) HG-Li1.02Ni0.4Co 0.2Mn0.4O2, and (b) BM-Li1.02Ni0.4Co0.2Mn0.4O2
cathodes.
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Figure 3. Rate capability of (a) HG- Li1.02Ni0.4Co 0.2Mn0.4O2, and (b) BM-Li1.02Ni0.4Co0.2Mn0.4O2
cathodes.

Electrochemical characterization was carried out with coin-type cell. The electrode was
prepared by using HG- and BM-Li1.02Ni0.4Co0.2Mn0.4O2 / carbon [80% active material, 10% carbon
black (TIMCAL)], and 10 wt% PVDF (alfa-aesar) as binder, dissolved in N-methyl-2-pyrrolidinone
(NMP) solvent. The obtained slurry was then cast on the Al current collector and dried for 2h in an
oven at 100oC. The resulting electrode film was subsequently pressed and punched into a circular disc.
The thickness and loading of the electrode film were 40 µm and 6.0 mg/cm2, respectively. The coin
cell was fabricated using the lithium metal as a counter electrode. The electrolyte was 1M solution of
LiPF6 in a mixture 1:1 (v/v) of ethylene carbonate (EC) and diethyl carbonate (DEC). The separator
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(Celgard) was soaked in an electrolyte for 24 h prior to use. Coin cell assembly was carried out in an
argon-filled glove box by keeping both oxygen and moisture level less than 2 ppm. The charge–
discharge measurements were performed using Arbin battery tester at different C-rates over a potential
range between 2.5V and 4.3 V.

3. RESULTS AND DISCUSSION
XRD patterns of HG- and BM- Li1.02Ni0.4Co 0.2Mn0.4O2 samples are shown in Fig. 1a & b,
respectively. All the diffraction peaks can be indexed as a layered oxide structure based on a hexagonal
α-NaFeO2 structure (space group R3m). No impurities and secondary phases are observed in these
figures. The intensity ratio I(003)/I(104) was greater than 1.2 and two double peaks of (006)/(102) and
(108)/(110) were split clearly, indicating that the samples were well-crystallized with ordered, layered
structure. The XRD peaks of the ball-milled powder relatively broadened. It is generally known that
XRD peak broadening is associated with a small crystallite size and/or lattice strain caused by
structural defects such as dislocations or stacking faults [30]. Fig. 2a & b show the particle size and
morphology of HG- and BM- Li1.02Ni0.4Co0.2Mn0.4O2 samples, respectively. As can be seen in these
figures, the particle size of the BM- Li1.02Ni0.4Co 0.2Mn0.4O2 is relatively smaller than that of HGLi1.02Ni0.4Co0.2Mn0.4O2. It is obvious that the particles were broken into smaller particles that
subsequently were stuck back together to become hard agglomerates during the ball-milling process
(Fig. 2b).
In order to evaluate the effect of ball milling on the rate capability of Li1.02Ni0.4Co0.2Mn0.4O2,
the cells were cycled in the voltage range 2.5V to 4.3V. Fig. 3 shows the discharge capacities of the
HG- and BM- Li1.02Ni0.4Co 0.2Mn0.4O2/ Li cells as a function of C rate between 3.0 and 4.3 V vs Li. The
cells were charged galvanostatically with a 0.1 C rate before each discharge testing, and then
discharged at different C rates from 0.1 to 8 C rates (16–1280 mA/ g). Clearly, the BMLi1.02Ni0.4Co0.2Mn0.4O2 delivered a higher discharge capacity than the HG- Li1.02Ni0.4Co 0.2Mn0.4O2, at
all the tested C rates as shown in Table-1. For example, HG- and BM- Li1.02Ni0.4Co0.2Mn0.4O2 cathodes
delivered 156 mAh/g and 167 mAh/g, respectively, at 0.1C. Although the HG- Li1.02Ni0.4Co0.2Mn0.4O2
showed an abrupt discharge capacity at higher C-rate, the BM- Li1.02Ni0.4Co0.2Mn0.4O2 electrode
retained its higher discharge capacity. At 8C rate, the obtained discharge capacity of the BMLi1.02Ni0.4Co0.2Mn0.4O2 was about 80%, compared to that of a 0.1 C rate, while the HGLi1.02Ni0.4Co0.2Mn0.4O2 electrode showed capacity retention of only 74% at the same C rate. The
discharge capacity values are shown in Table-1. The lower discharge capacity of HGLi1.02Ni0.4Co0.2Mn0.4O2 cathode, when compared to that of BM- Li1.02Ni0.4Co 0.2Mn0.4O2, was caused by
high polarization (compare Fig. 3a and Fig. 3b) resulting from deteriorating electrical contact between
the oxide and carbon particles. The improved rate capability is reasonably due to increase of lithium
ion conductivity through a decrease in particle size of the Li1.02Ni0.4Co0.2Mn0.4O2 material after ball
milling as shown in Fig. 2b. The obtained results thus strongly support that ball milling of cathode
material with carbon is very effective way to enhance capacity and rate capability.
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Table 1.

Discharge Capacity of Li1.02Ni0.4Co0.2Mn0.4O2, mAh/g
C-rate
Before Ball Milling
0.1C
1.0C
5.0C
8.0C

After Ball Milling

156
145
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115
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Figure 4. Cycling performance (half cell) of (a) HG- Li1.02Ni0.4Co 0.2Mn0.4O2/Li, and (b) BMLi1.02Ni0.4Co0.2Mn0.4O2/Li cells at 8C-rate.

In order to observe the influence of the ball milling on cycling properties, HG- and BMLi1.02Ni0.4Co0.2Mn0.4O2 / Li cells were assembled and the performance were measured at a current rate
of 8C between 2.5 and 4.3 V. Fig. 4 indicates that the cycling performance of HG- and BMLi1.02Ni0.4Co0.2Mn0.4O2 electrode materials cycled at a high current rate of 8C. After 50 chargedischarge cycles, the BM-Li1.02Ni0.4Co0.2Mn0.4O2 electrode exhibits excellent cycling performance with
capacity retention ratio of about 87% when compared to that of HG-Li1.02Ni0.4Co0.2Mn0.4O2 electrode
which shows only 75% capacity retention ratio. Since the dentritic growth has been a very serious
issue with Li metal anode during long term cycling, the cycling performance of HG- and BMLi1.02Ni0.4Co0.2Mn0.4O2 electrodes was also measured by assembling lithium-ion coin-cell with meso
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carbon micro beads (MCMB) as anode. The cut-off voltage for the Li1.02Ni0.4Co 0.2Mn0.4O2 / MCMB
cell was adjusted to 4.2 V because the lithium reversible intercalation into carbon occurs in the voltage
range of 0-0.25 V. The assembled batteries are charged at a rate of 0.5C and discharged at 8C for 100
cycles between 2.5 and 4.2V. The BM-Li1.02Ni0.4Co0.2Mn0.4O2 / carbon cell has capacity retention of 95
% after 100 cycles. HG-Li1.02Ni0.4Co0.2Mn0.4O2 / carbon cell exhibited relatively poor capacity
retention (80%) than that of BM-Li1.02Ni0.4Co 0.2Mn0.4O2 / carbon cell (95 %) as shown in Fig. 5.
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Figure 5. Cycling performance (full cell) of (a) HG- Li1.02Ni0.4Co0.2Mn0.4O2/carbon, and (b) BMLi1.02Ni0.4Co0.2Mn0.4O2/Carbon cells at 8C-rate.

In general, the difference in battery performances would be related to the interfacial resistance
between electrode and electrolyte. To explore the reason for the enhanced electrochemical
performance, AC impedance measurements were carried out for the HG- and BMLi1.02Ni0.4Co0.2Mn0.4O2 / Li cells. Typical impedance spectra at the open-circuit voltage (OCV) for two
fully charged cathodes are shown in Fig. 6. Generally, the semicircle in the high frequency range is
related to effects arising from the resistance and capacitance of the electrolyte/electrode interface. The
semicircle in the middle frequency range indicated the charge transfer resistance. The inclined line in
the lower frequency represented the Warburg impedance, which is associated with Li-ion diffusion
into the host particles. The initial diameters of semi-circle were nearly the same for both the cathodes.
After charging, the diameter of the semi-circle increased significantly for the HG- cathode (Fig. 6a),
but was relatively very low for the cathode ball milled with carbon (Fig. 6b). The charge transfer
resistance of the HG- and BM- Li1.02Ni0.4Co0.2Mn0.4O2 were 40 and 34 Ohms, respectively, after charge
and discharge cycling at 8C. This is a clear indication of the significant decrease in cathode resistance
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due to an improved contact between Li1.02Ni0.4Co0.2Mn0.4O2 and carbon. Thus, the impedance results
clearly support the enhanced electrochemical properties of the ball milled Li1.02Ni0.4Co0.2Mn0.4O2
material such as capacity, rate capability, and cyleability.
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Figure 6. Electrochemical impedance spectra of (a) HG- Li1.02Ni0.4Co0.2Mn0.4O2, and (b) BMLi1.02Ni0.4Co0.2Mn0.4O2 cathodes before and after cycling at 8C-rate.
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4. CONCLUSIONS
In summary, layered Li1.02Ni0.4Co0.2Mn0.4O2 materials were prepared by citric acid assisted sol
gel method and their electrochemical performance was investigated by charge / discharge and
electrochemical impedance spectroscopy. The capacity, rate capability and cycling performance of ball
milled Li1.02Ni0.4Co 0.2Mn0.4O2 sample were significantly better than that of hand ground sample. From
our experimental results, it is reasonable to suggest that ball milling enhances the electrochemical
performance of layered Li1.02Ni0.4Co0.2Mn0.4O2 cathode due to the decrease in contact resistance
between oxide and carbon particles and increase of lithium ion conductivity through a decrease in the
particle size of the active material. The results in this work suggest a simple and effective processing
procedure to enhance the electrochemical performance of cathodes for rechargeable lithium batteries.
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