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Abstract

LiNi;;3Co;3Mn; 50, is prepared by a rheological phase method. Homogeneous precursor derived from this method is calcined at 800 °C for 20 h
in air, which results in the impressive differences in the morphology properties and electrochemical behaviors of LiNi;;3Co;,3Mn;;30, in contrast
to that obtained by a solid-state method. The microscopic structural features of LiNi;;3Co;;3Mn;;30, are investigated using scanning electron
microscopy (SEM), X-ray diffraction (XRD). The electrochemical properties of LiNi;;3Co;,3Mn;;30, are carried out by charge—discharge cycling
test. All experiments show that the microscopic structural features and the morphology properties are deeply related with the electrochemical
performances. The obtained results suggest that the rheological phase method may become an effective route to prepare LiNi;;3Co;3Mn;;30,

cathode materials for lithium battery.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In the recent years, the layered transition metal oxide
LiNij3Co1/3Mn;30, has been extensively studied since it was
firstly synthesized by Ohzuku and Makimura [1] in 2001. As
a promising cathode material for lithium ion batteries, it has a
high discharge capacity, high rate capability and good cycling
performance. These advantages of LiNij;3Co13Mny;30, are
attributed to its typical hexagonal a-NaFeO; structure with
a space group of R3m. In this structure, Li ions, the tran-
sition metal (Ni, Co, Mn) ions and O ions take 3a, 3b and
6¢c sites, respectively. The predominant oxidation states of
Ni, Co, Mn ions are +2, +3, +4, which have been indicated
by XPS studies [2,3] and calculation [4-6] on the structure.
Ni and Co act as the electrochemically active species during
cycling in the voltage range of >2.5V, while Mn** is electro-
chemically inert not to participate in the redox reaction and
functions as stable framework, so that the stabilization of the
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structure is achieved leading to the well-cycling performance
[2].

Unfortunately, due to the complicated composition, the cath-
ode properties of LiNij;3Co1;3Mny;30, should be sensitively
dependent on microscopic features like the distribution of tran-
sition metal and the particle morphology. As aresult, itis difficult
to prepare this complicated material, and the rate capability of
this material depends on the synthetic route which has greater
influence on the particle morphology. Therefore, it is important
for LiNij3Co1,3Mnj30; to select suitable preparation method.
To synthesize this material, many researchers employed dif-
ferent methods, such as mixed hydroxide method [7], sol-gel
method [5], solid-state method [8] and molten salt method [9],
and some better results have been achieved.

In this paper, we introduced a novel method, the rheological
phase method [10] to synthesize LiNij;3Co1,3Mny30;. The rhe-
ological phase method is the process of preparing compounds
or materials from a solid-liquid rheological mixture. The solid
reactants are fully mixed in a proper molar ratio, and made up
by a proper amount of water or other solvents to a container in
which the solid powders and liquid substances are uniformly dis-
tributed, so the surface area of the solid particles can be utilized
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more efficiently than that in the solid-state phase. Because the
solid and liquid sections are in contact with each other, it is con-
venient for the heat exchange and should facilitate the diffusion
of ions dissolved in solvent into the solid particles [11]. After
further reaction, the final product or precursor can be obtained.
By this method, many functional materials and compounds with
novel structures and properties have been obtained [10,12].

2. Experimental
2.1. Synthesis of LiNij;3Co13Mnj30:

A rheological phase method was employed to synthesize
LiNi1/3C01/3Mn1/302. LiOH~H20, Ni(OH)z, C0203, MnOz
were used as the starting materials in quantities corresponding
to 0.1 mol stoichiometric LiNi;3Co3Mn;30, with 6% excess
of Li. These reagents were mixed, thoroughly ground and then
transferred into a cylindrical Teflon-lined container. A proper
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amount of distilled water was added into the container to become
arheological body. The container was sealed in a stainless auto-
clave at 90 °C for 6 h. After reaction, the rheological body was
dried at 120 °C for 6 h and ground again to obtain a homoge-
neous precursor. The precursor was calcined at 800 °C for 20 h
in air to yield LiNij;3Co13Mnj,30; (denoted as RP).

As a contrast to the rheological phase method,
LiNii;3Co13Mny30, was also carried out by a solid-state
method in this work (denoted as SP). The starting materials,
proportion and calcined conditions were the same as those of
the rheological phase method.

2.2. Measurements

X-ray diffraction measurements of the LiNij;3Co1,3Mny/302
materials were carried out using X-ray diffraction (Shimadzu
XRD-6000) with Cu Ka radiation (A =1.54056 A). Lattice
parameters and unit-cell volumes were calculated by a least
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Fig. 1. SEM micrographs of: (a) SP, (b) RP and (c) RP precursor after drying.
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squares method with FullProf Suite program. Particle morphol-
ogy of the powders after calcinations was observed using a
scanning electron microscope (SEM, QUANTA-200). The spe-
cific areas of LiNij;3Co13Mny;30; samples were deduced from
nitrogen adsorption experiments (BET method).

Electrochemical charge—discharge experiments were per-
formed by assembling model test cells. Test cathode electrodes
were prepared by mix 80:15:5 (mass ratio) of active material,
acetylene black and PTFE binder, respectively, in isopropyl alco-
hol. The model test cells were assembled with the electrode
prepared above as cathode, lithium metal as anode, and Cel-
gard 2300 film as separator in an argon-filled glove box. The
electrolyte was 1 M LiClO4 dissolved in EC+DMC (1:1 volume
ratio). All tests were performed at room temperature.

3. Results and discussion
3.1. Morphology of the particles

SEM  micrographs of the two samples of
LiNi;3Co13Mn30, (SP and RP) and the RP precursor
after drying are illustrated in Fig. 1. SP powder consists of
grains of average 1 pum with no characteristic morphology and
most particles are badly aggregated. As we know, Agglomera-
tions leads to the decrease of specific surface area of particles,
which means that the electrochemical capability might descend
[13]. The morphology of RP, however, is obviously different
from that of SP. RP powder is composed of grains and rods with
an average diameter of about 0.3 wm and a length of about 3 pm.
Although some particles are also aggregated, the phenomenon
aggregated is availably decreased due to existing rod-like shape
particles and its specific surface area, 1.6628 m? g~!, is bigger
than that of SP, 1.2146m? g~!. As is well known, the influence
of particle size, morphology and surface area to the battery
performance is of great importance. We believe that differences
of RP and SP in size, morphology and surface area should result
in differences in their electrochemical performance.

In addition, the rod-like shape particles are not found in the
RP precursor from Fig. lc, which indicates that the rod-like
shape particles in the RP sample only forms in the process of
calcination. However, though there are no appearances of rods
in the RP precursor, the rheological phase process preparing the
RP precursor plays a vital role in the development of the rods in
the calcination step.

3.2. Structure analysis

Fig. 2 shows typical XRD patterns of the synthesized
LiNi;3Co1/3Mn;30;, materials in two different methods. All
peaks are sharp and well-defined, suggesting that compounds
are generally well crystallized, which can be indexed to the
hexagonal a-NaFeO, structure (space group: R3m) without
any impurity peaks. The peak splits of (006)/(102) and
(108)/(110) doublets, being especially obvious for the RP
material, indicate the formation of a highly ordered layer struc-
ture [3,14]. The lattice parameters of the synthesized materials
were calculated by least square method using 10-diffraction
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Fig. 2. XRD patterns of LiNij;3Co13Mn;30, prepared from the rheological
phase method (a), the solid-state method (b).

Table 1

Lattice parameters of LiNij;3Co13Mn130, prepared by different methods
Samples a(A) c(A) cla Ioo3y/I104)
RP 2.8433 14.1887 4.99 1.56

SP 2.8471 14.1785 4.98 1.38
Literature [9] 2.8467 14.1967 4.99 1.6
Literature [13] 2.8496 14.2045 4.98 1.86

Literature [1] 2.867
Literature [2] 2.864

14.246
14.233

4.969 -
4.969 -

lines and tabulated in Table 1. As is shown, the sample RP has
smaller lattice parameters, a and ¢ compared to those reported
[1,2] while a larger triangle distortion, c/a, but it is similar to
some results of Reddy et al. [9,13]. These differences in lat-
tice parameters are likely to coming from different preparation
conditions and methods. Moreover, Reddy et al. [9] considered
these smaller lattice parameters might be due to smaller cation
mixing and better ordering of the transition metal ions in the
metal-layer. Lattice parameters are closely related with atomic
distribution (e.g. cation mixing) in hexagonal oxide cathode
material. A partial interchange of occupancy of Li ions and tran-
sition metal ions will give rise to cation mixing in the structure,
which can deteriorate battery performances [15]. Hwang et al.
[16] believed that the intensity ratio of the (003) and (104)
peaks (I003y/I(104)) could be used to identify the cation mix-
ing degree. Generally, when the value of intensity ratio is more
than 1.2, the cation mixing is small with good layered struc-
ture. In the present study, the Io03)//(104) ratios of RP and SP
are 1.56 and 1.38, respectively, indicating no undesirable cation
mixing takes place. Especially, RP holds more excellent struc-
tural integrity (bigger l03)/I(104)), i.€. lower cation mixing.
Therefore, it can be expected that the sample RP can display
better electrochemical performance than the sample SP can.

3.3. Electrochemical characteristics

The electrochemical charge—discharge experiments for the
two LiNij;3Co1/3Mn130, samples were firstly carried out in
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Fig. 3. Initial charge—discharge curves for LiNij;3Co1/3Mnj;30; operated in the

voltages range of 3—4.3 V under a current density 20mA g~ !.

the voltage range 3.0—4.3 V. The constant current densities of
20, 40 and 80 mA g~ were applied to working electrode. The
initial charge—discharge curves at 20mA g~! are presented in
Fig. 3, and the cycling performances of the two samples at dif-
ferent current densities are offered in Fig. 4. As shown in Fig. 3,
RP and SP display smooth charge—discharge curves without any
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Fig. 4. Specific discharge capacity as a function of cycle number for
LiNij3Co13Mn30, operated in the voltage range of 3—4.3 V at the different
current densities. (a) RP, (b) SP.

plateaus, which indicate that no spinel-related phases are formed
during charging and discharging. We also find that the charge
and discharge curves of the sample SP are above the charge
curves and below the discharge curves of the sample RP, respec-
tively. This indicates that the electrode composed of the sample
SP shows a higher polarization than that of the sample RP during
the charge—discharge. The higher polarization of the sample SP
compared to the sample RP may be due to the increase in cell
resistant with respect to specific surface area because the sample
SP has smaller specific surface area, which leads to the worse
electrochemical performance of the sample SP than that of the
sample RP due to low electronic conductivity [17]. At the begin-
ning of the charging process, the voltage suddenly increases
to about 3.6 V and holds at 3.6-3.8 V until the charge capac-
ity reaches about 100 mAh g~!, then gradually rises to 4.3 V. It
has been well known that Ni**/Ni** coupling is electrochem-
ical redox process in the 3.6-3.8 V for LiNi;3Co1,3Mn1;302
systems. Though the initial charge—discharge curves for two
samples at 40 and 80 mA g~! are not displayed here, they hold
similar characters with those at 20mA g~ ! above.

According to Figs. 3 and 4, the sample RP achieves higher
discharge capacity with a slight capacity fade than that of the
sample SP at same current densities. Especially, for samples RP
and SP at a current density of 20mA g~ !, the initial discharge
capacities are 167 and 155 mAh g~! with anirreversible capacity
loss of about 19 and 22 mAh g~!, respectively. The irreversible
capacity loss might be attributed to the formation of a solid
electrolyte interface (SEI) on the surface of the electrode and
insufficient soaking of the electrode material during the first
cycle [18]. At the end of the 30th cycle, the retained discharge
capacities are 161 and 137 mAhg~!, respectively, which are
96% and 88% of initial discharge capacity. It is clear that the
obtained initial discharge capacity and cyclability of the sample
RP are superior to those of the sample SP and are comparable
to these reported [19,20].

In order to further monitor the electrochemical performance
of the sample RP and SP in broader voltage and higher current
density, the voltage range 2.5-4.6 V with a current density of
200mA g~! was adopted. Here, 4.6V is chosen as the upper
limit because the critical upper limit of LiNiO, and LiCoO; is
4.6V [1,21]. As we know, when an electrode is working under
bigger currents, a lot of Li* should be intercalated or deinterca-
lated from electrode material at a higher speed, which demands
the electrode material to have enough Li* used and hold bet-
ter layer structure to ease the movement of Li*. If an electrode
is employed under higher voltages, the higher capacity can be
gained, but the decomposition of the electrolyte at the surface of
electrode material will get more serious, which brings the rapid
decay of the cell capacity along with charge—discharge cycles.
Therefore, it would be a severe test for the structure and per-
formance of electrode materials if the electrodes are engaged in
rigorous conditions of bigger currents and higher voltages. Fig. 5
shows the cycling performance of the sample RP and SP under
given conditions. Table 2 also gives charge—discharge capac-
ities and capacity retention rations of the two samples under
the same conditions. Obviously, even though the RP material is
working under rigorous conditions, the initial discharge capacity
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Table 2

The charge—discharge data for RP and SP in the voltage range of 2.5-4.6 V under a current density 200 mA g~

1

Samples Ist cycle Qcharge (MAhg™1)

st cycle Qdischarge (mAh g_] )

30th cycle Qischarge (MAh g_]) Capacity retention (%)

RP 227 196
Sp 219 187

186 95
156 83

220
210 5
200 F ]
190 | ]
180 |
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170 -
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Fig. 5. Specific discharge capacity as a function of cycle number for
LiNi;;3Co013Mn;30; operated in the voltage range of 2.5-4.6 V under a current
density 200mA g~ 1.

of 196 mAh g’1 can be achieved, which is almost similar to the
results of the literatures [13,22], and still presents better cycling
performance, retaining the discharge capacities 186 mAh g~ ! at
the end of the 30th cycle. By comparison, the SP material dis-
plays worse electrochemical performances. The initial discharge
capacity is 187mAhg~! and just retains 156mAhg~! at the
end of the 30th cycle. So the RP material holds more excellent
structure and has lower reaction activity with the electrolyte.
Fig. 6 shows the charge—discharge curves of the two samples
atthe 1stand the 30th cycles, respectively. The charge—discharge
curves of the RP cell at the 30th cycle are similar to those
of the 1st cycle and can keep ideal charge—discharge shape,
which indicates that the structure of the RP material has no
obvious change and still exhibits better charge—discharge char-
acter even if it works at rigorous conditions for many cycles.
However, the charge—discharge curves of the SP cell at the 30th
cycle are distinctly different from those of its first cycle. Espe-
cially, its charge—discharge curves rapidly ascends and declines
along with charge—discharge process, which reveals that the
bigger structural changes have occurred and have unsatisfac-
tory charge—discharge behaviors. To prove up the origin of the
phenomena above, Fig. 7 gives the XRD pattern of the two elec-
trode materials after charge—discharge 30 cycles with the voltage
range 2.5-4.6 V and a current density of 200mA g~!. The RP
material keeps the typical hexagonal a-NaFeO, structure well.
The relative intensity of every peak remains basically unchanged
and the peak splits of (006)/(102) and (10 8)/(110) doublets
are still clearly visible, which proves that the phenomenon of
cation mixing is not obvious and the layer structure exists better.
When investigating carefully Fig. 7b, we can find that the XRD
changes of the SP material compared with the past (Fig. 2b) are
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Fig. 6. The charge—discharge curves for LiNij;3Co1/3Mny30; at the 1st and the
30th cycle. (a) RP and (b) SP.

more obvious. Not only has the relative intensity of the peaks
been changed but also the peaks have slightly become broad, and
the splits of the peak couples (006)/(102) and (108)/(110)
have become unclear, which indicates that the phenomenon of
cation mixing has seriously appeared [16] and partial crystal
has also suffered destruction. These are the essential reasons
why the RP cell holds better electrochemical performance after
many cycles, while the electrochemical performance of the SP
cell is deteriorated.

As discussed above, we know that whether in mild conditions
or in poor ones, the RP material can display better electrochemi-
cal characters than the SP material can. The RP cell takes higher
capacity and reveals more excellent cycling performance, which
should be finally ascribed to the sample RP holding the special
morphology character and the highly ordered layered structure
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Fig. 7. XRD patterns of LiNij;3Co13Mnj 30, after charge—discharge 30 cycles.
(a) RP and (b) SP.

with smaller amounts of cation mixing. Therefore, it could be
concluded that electrochemical properties of the cathode mate-
rial depend strongly on the structural integrity and morphology
character.

4. Conclusions

Well-ordered layered LiNij;3Co13Mnj30, cathode mate-
rial is successfully synthesized by a rheological phase method,
which results in the remarkable morphology and the excellent
microstructure by the SEM observation and the XRD experi-
ment. The electrochemical experiments show the higher initial
discharge capacities of 167mAhg~! (3-4.3V,20mA g~!) and
196 mAhg~! (2.5-4.6V, 200mA g~ 1), as well as good cycling
performance with the help of rod-shape particle and higher
structural integrity, which are superior to those of the mate-
rial prepared by solid-state method. Therefore, the rheological
phase method has been shown here to be promising technique
for preparation of LiNij;3Co13Mny 30, cathode materials. Of
course, how to control the quantity and the size of the rod-shape
particles, and what relation between the quantity and the size of
the rod-shape particle with the electrochemical property are to
be probed.
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