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Spherical Li(Ni;3Coq;3Mny3)02 with a layered structure has been successfully prepared using the spher-
ical precursor Nij;3sMny3Co1300H at temperature of 600°C. This synthesis temperature is remarkably
lower than those of the spherical Li(Ni; 3Co1;3Mn;3)0; powders synthesized using Nij;3sMn;3Coy/3(0H);
or Nij;3sMny3C013C03. The compounds were characterized by X-ray diffraction (XRD), and scanning
electron microscopy (SEM). XRD analysis shows that the Ni;;3Mn;;3Co;300H powder has a P3 struc-
ture and the Niy;3Mn;3Coq/3(OH); powder has a T1 structure. Charge and discharge tests show that the
Li(Ni;/3Co1/3Mny3)02 cathode prepared at 600°C for 24 h has an initial discharge capacity as high as
148 mAhg-1. The synthesized powder shows a reversible capacity of 142 mAhg-! a specific current of
0.2C rate in the range of 3.0V to 4.3 V up to 50 cycles with no noticeable capacity-fading.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

LiCoO, has been used as a major cathode material for
lithium-ion batteries (LIBs) since it was first introduced by Sony
Corporation, as it is easy to prepare and has good recharge ability
even when the batteries are operated at very high rate [1]. How-
ever, the drawbacks of LiCoO,, such as its toxicity and high cost,
have intensified efforts to find an alternative cathode material for
high-energy applications. The practical capacity of cathode mate-
rial for LIBs has gradually been increased to meet the requirements
of high-power and high-energy applications [2-4]. Recently, the
mixed oxide Li(Ni;;3C01;3Mny3)0; has been receiving increased
attention as an alternative 4 V-cathode material for rechargeable
LIBs due to its high capacity and stable structure [5-14]. Unfor-
tunately, this compound is difficult to prepare using traditional
solid state or solution methods. Various synthesis methods, such
as hydroxide [15] and carbonate co-precipitation [16], sol-gel [17]
and molten salt [18], have been employed in order to obtain supe-
rior electrode performance. Progress has been made in synthesizing
powders to improve electrochemical performance, but the methods
used normally require harsh synthesizing conditions. For exam-
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ple, Li(Nij;3Coq;3Mny;3)02 powders are usually synthesized at high
temperatures between 900°C and 1100°C under long sintering
time. It is obvious that high-temperature fabrication processes will
lead to high capital outlays for equipment, along with significant
energy costs during manufacturing. Therefore, it is necessary to
search for a simpler method to synthesize Li(Nij;3Co1;3Mny3)0;
cathode material with improved volumetric energy density before
the material can be used in practical cells.

It is well known that the physical properties of the cathode
material, such as its morphology, particle-size distribution, tap-
density and specific surface area, are very important for its use
in a practical LIB. Therefore, a great deal of effort has been made
to produce spherical Li(Ni;;3C01;3Mnq3)0;. For example, hydrox-
ide and carbonate co-precipitation have been employed using
Ni;;3Mny;3C04/3(0H), or Ni;;3Mny3C01/3C03 to obtain a spherical
product [15,16]. However, little attention has been paid to syn-
thesizing spherical Li(Ni;;3Coy;3Mny3)0; powders using higher
valences Nij;3Mny3Co1;300H.

In this paper, spherical powders of Li(Ni;3C0;3Mn;3)0, were
prepared using spherical Nij;3Mn;3Co1;300H. The novelty of this
paper is not the synthesis of the spherical Li(Nij;3sMny;3C0q/3)02
but the approaches of replacing the precursor of spherical
Nij;3C01;3Mnq3(OH); by Nij;3Coq;3Mny;300H at a relatively low
temperature. In the literature, the synthesis temperature is gen-
erally above 900°C when Nij;3Co1;3Mnq;3(OH); is used as a
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precursor. To date, the synthesis of Li(Nij;3Coq;3Mny3)0; using
Ni;;3Mn;;3C01300H at such a low temperature and in an air
atmosphere has not been reported. For the first time, we
report the approaches of preparing spherical Li(Nij ;3Co1;3Mny3)02
using spherical Nij;3sMn;;3C01;300H and LiNOs by sintering at
600°C in air. The procedures are described in terms of crys-
tallinity and particle sizes. The electrochemical performance of a
Li/Li(Niy;3Coq/3Mny3)0; cell was also investigated.

2. Experimental

The spherical precursor Nij;3C013Mn;300H was obtained
as described below. Stoichiometric amounts of NiSO4-6H,0,
Co0S04-7H,0, and MnSO4-H,0 were dissolved together in distilled
water (transition metal ratio of Ni:Co:Mn=1:1:1) and the concen-
tration of the total metal sulfate was 2 mol 1-1. The aqueous solution
was precipitated by adding a NaOH solution (aq.) of 2moll-! and
a certain amount of NH4OH solution (aq.) under an argon atmo-
sphere, stirring continuously. The solution was maintained at 50°C
for 20 h and the pH value was controlled at approximately 10-11.
Then, the obtained spherical precursor of Ni;;3Mn;3C01;3(0OH);
was oxidized by adding a given amount of H,0, in 4mol1~! KOH
solution. The desired spherical precursor was obtained after filter-
ing, washing and drying at 50°C for 2 h.

Synthesis of Li(Nij;3Coq;3Mny3)0; was carried out using a solid
state reaction. LiNO3 with a melting point of 264 °C was used as the
lithium salt. The obtained precursor powder Ni;;3C013Mn;300H
was mixed with 1% excess LiNOs. The excess amount of Li salts
was used to compensate for possible Li loss during calcination.
The mixtures were initially heated to 300°C for 3 h, and subse-
quently calcined at 600 °C for 24 h in air. The heating rate was fixed
at 120°Ch-! for all the temperature settings. After heating, the
resulting powders were cooled to ambient temperature.

Thermogravimetric/differential thermal analyzer (TG/DSC)
analysis was carried out on a simultaneous thermal analysis appa-
ratus NETZSCH STA409 PC/PG (Netzsch, Germany) to determine the
sintering temperature. The mixture was heated from room temper-
ature to 900°C at a heating rate of 4°Cmin~!. The measurement
was performed in nitrogen flow using a-Al,03 as the reference
material.

To investigate the crystal structure, the obtained powders were
analyzed by X-ray diffraction (XRD) using a D8 X diffractometer
(Germany, Bruker) employing Cu Ko radiation. The scan data were
collected in the 20 range of 10-80°. The step size was 0.026° with
a counting time of 3 s. The morphology of the synthesized powder
was investigated by a field emission scanning electron microscope,
SEM-6701F (Japan, JOEL). X-ray photoelectron spectroscopy (XPS)
of the synthesized powder was performed with a VG ESCALab
2201-XL spectrometer (UK, VG Scientific) with a Mono Al X-ray
source (1486.6 eV). The collected spectra were analyzed using XPS-
PEAK41 fitting software. The energy scale was adjusted based on
the graphite peak in the C 1s spectrum at 284.6eV.

Slurries containing 85 wt.% active material, 5wt.% polyvinylli-
dene fluoride dissolved in n-methyl-2-pyrrolidinone and 10 wt.%
acetylene black were spread evenly on a piece of aluminium foil.
The sheet was subsequently dried at 120°C for 10 h and was then
cut into pieces for cathodes. One mole per liter of LiPFg in ethylene
carbonate and diethyl carbonate (1:1, v/v) was used as the elec-
trolyte solution. Coin cells (CR2025) were assembled with metallic
Li as the counter electrode and Celgard 2400 as the separator in
an Ar-filled glove box. The cells were cycled between 3.0V and
4.3V versus Li/Li* galvanostatically (C/5 rate) on a Land CT2001A
battery tester (Wuhan Jinnuo Electronics Co. Ltd., China) at room
temperature.
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Fig. 1. TG/DSC analysis for LiNO3 and precursor.

3. Results and discussion
3.1. TG/DSC analysis

In order to optimize the temperature range for the reaction,
TG/DSC analysis was carried out. The results are plotted in Fig. 1,
which shows the TG/DSC curves of the mixture of the precursor
and the lithium salt LiNOs. It can be seen that there are two weight
losses and two visible endothermal peaks in the temperature range
of 160-600°C. The first endothermal peak is observed approxi-
mately at 260 °C from the DSC curve, accompanied without notable
weight loss seen from the corresponding TG curve. This represents
that the first endothermal peak is caused by the melting process
of LiNO3 (the melting point is 264 °C). There is a slight weight loss
between 140°C and 250 °C, which is attributed to the evaporation
of water. The second obvious endothermic peak at 460 °C shows
the decomposition of LiNO3, which continues up to 600°C and is
marked by a mass weight loss from 400 °C to 570 °Cin the TG curve.
When the temperature is higher than 600°C, the TG curve indi-
cates that the weight remains constant. We may conclude that the
stable phase of Li(Nij;3Mny3Co4;3)0; could form at 600 °C. Based
on this analysis, it was reasonable to synthesize the compound of
LiNiy3Mn43Co4/302 by two steps. First, the mixtures of the precur-
sor and LiNO3 were calcined at 300 °C for 3 h in order to thoroughly
soak the molten salt in the precursor and, at the same time, prevent
the evaporation of lithium salt at high temperature. They were then
sintered at 600 °C to synthesize the desired powder.

3.2. XRD and SEM analysis of the precursor

Fig. 2a and b shows the XRD spectra of the obtained
Ni;/3Co13Mny;3(0H); and Nij;3Co13Mny;300H powder. It can be
observed from Fig. 2a that the spectra are almost the same as those
of pure 3-Ni(OH), [19], which indicates that the valence of Ni, Co,
and Mn is 2+. Based on Van der Ven et al.’s theory [19], it can
be concluded that the crystal structure of Nij;3Coq;3Mny;3(OH);
powder consists of close-packed oxygen planes with an ABAB
oxygen stacking, which has the T1 stacking sequence. The metal
atoms occupy octahedral sites between alternating oxygen lay-
ers, and the hydrogen atoms reside in the tetrahedral sites of the
remaining layers between oxygen. As can be seen from Fig. 2b, the
XRD spectra of Ni;j3C013Mn;300H powder are similar to those
of pure -NiOOH, which has a P3 host structure [19]. This host
structure consists of an AABBCC oxygen stacking sequence, which
favors the exchange between Li* and H* during the reaction of
Nij;3C01;3Mny;300H and LiNiO3, and oxygen stacking shifts from
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Fig. 2. XRD patterns of different precursor. (a) The (Ni;;3Co1;3Mny3)O0H precur-
sor,(b) The Nij;3Co13Mny3(OH), precursor.

P3(AABBCC) to O3(ABCABC) without breaking any O-TM bonds.
Therefore, it is possible to synthesize Li(Ni;;3Mny;3C01/3)02 pow-
ders at low temperature by the precursor of Ni;3C013Mn;;300H.
Furthermore, Van der Ven et al.’s calculations by the first-principle
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show that the P3 structure are more stable than T1 structure. The
T1 structure is dynamically unstable, and easily transforms to P3
without an energy barrier, which corresponds with the experiment
fact that the Nij;3Coq;3Mny;3(OH); is easy to be transformed to the
Nij;3Co1;3Mn4;300H powder in air.

Fig. 3a-c shows the morphology of the Nij;3Coq;3Mny;300H
powders. The powders are composed of well-dispersed spherical
particles. Each of the spherical particles is composed of a large num-
ber of sheet crystalline grains, and as shown in Fig. 3¢, these sheet
crystalline grains are slightly curved, intercrossed, and overlapped,
resulting in a large number of pores. When the precursor is mixed
with the lithium salt these pores help the molten lithium salt to
soak into the interspaces and directly contact the crystalline grains.
Thus, the Li* in the molten salt can easily diffuse throughout the par-
ticles, which accelerates the reaction of the Li(Nij;3Coq;3Mny3)02
synthesis.

3.3. XPS analysis of the precursor

In order to confirm the oxidation state of the transition metal
species in the synthesized materials of the precursor, XPS study
was carried out. Fig. 4a-c shows the XPS binding energy (BE) of Mn
2p3p, Ni 2p3)p, and Co 2ps3);, respectively, of the precursor. In the
Ni XPS spectra, a characteristic satellite peak is noted in addition
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Fig. 3. SEM images of the (Ni;;3Co1;3Mny3)O0H powder at different magnifications.
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Fig. 5. XRD patterns of Li(Nij;3Coq;3Mny;3)0, samples sintered at different
temperature by different precursor for 24h. (a) The samples synthesized by
(Nij;3Coq3Mny3)O0H sintered at (400°C, 500°C and 600°C) for 24 h. (b) The pow-
ders prepared by Niy;3Coq;3Mny3(OH); sintered at 600°C for 24 h.

to the Ni(2psj;) peak. Such a satellite peak was also observed in
Ni(OH); [20,21] and was explained as being due to multi-electron
excitation (shake-up peaks). Curve fitting of the Ni 2p;/, signals
gives one nickel species. The peak with BE =855.2 (Fig. 4a) agrees
with those reported for Ni(OH), [20,21]. As shown in Fig. 4b, the
best fit for the Co(2psj,) spectrum gives two BE values. The major
peak is at 779.0eV and the minor one is at 780.4 eV. These values
match well with the BE reported for CoOOH and Co(OH), compo-
nents [22,23]. Estimated from the area under the curve fitting, the
ratio of COOOH and Co(OH), is 8:1. In Fig. 4c, the Mn 2p XPS spec-
trum consists of a Mn 2p3, XPS core line at 642.5 eV and a Mn 2p,
XPS line at 653.7 eV. The deconvolution of the Mn(2ps,) spectrum
also gives two BEs for its best fit. Compared with the Mn 2p3, XPS
core lines of MnOOH at 641.7 eV and MnO, at 642.5eV [24], the
major peak centered at 642.5eV is MnO, and the minor one at
641.7 eV is MnOOH. Estimated from the area under the deconvo-
luted curve, the ratio of Mn** and Mn3* is 9.2:1. It is obvious that
the predominant valence of Mn in the precursor is 4* with a small
amount of Mn3*. In the present case, the prepared compound with
Ni, Coand Mnions are in 2*,3* and 4* oxidation states, respectively,
and the average valence of the precursor is about 3*. Based on the
crystal field theory, the stabilities of Mn2*, Co2*, and Ni2* are in the
sequence of Mn%* < Co2* < Ni2* when spin octahedral complex ions
with the same ligands are formed. This stability sequence has a sig-
nificant influence on the existing state of the transition metal ions.
From the d electron orbit point of view, the d electron configura-
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Fig. 6. SEM images of the Li(Niy;3Coy;3Mny;3)0, powder at different magnifications.

tions of Mn2*, Co%*, and Ni2* are tggeg, tgge}g, and tggeé, respectively.
It is known that the impair eg electrons will result in an uneven
occupancy of the electron orbit, further causing Jahn-Teller effect.
Therefore, the changes of the structure and performance of the pro-
duced compounds are easy to occur. If the d electron structure of
the cations could be changed to avoid the impair eg electrons, lattice
relaxation would be effectively restrained. Then a steady structure
and performance of the compound would be achieved [25]. Based
on this analysis, if the transition metal ions in the precursor were
oxidized to a relatively steady state, for example, Mn2* to Mn**
(tggeg), and Co?* to Co3* (tzsgeg) (Ni2* keeps its state of Ni2* (tggeé)).
there would be no impair eg electrons in the outer d electrons
of the transition ions (Co3*|Ni2*|Mn*"), avoiding the Jahn—Teller
effect. Therefore, the structure and performance of the synthesized
Nij;3Co1;3Mny;300H precursor would be relatively steady so that
the single phase of Li(Ni;;3Co1;3Mny;3)0; with a steady structure
and performance could be obtained easily by Nij;3Co1/3Mn;;300H.
In addition, as the valences or oxidation states of the metal ions
in the precursor (Ni;;3C0;3Mn;300H) are close to those in the
product (Li(Nij;3Coq3Mny;3)02), the dependence on the synthesis
atmosphere and condition for oxidizing the metal ions is decreased.
Thus, it is possible to synthesize the Li(Ni;;3Co1;3Mny3)0; cath-
ode material for LIBs with layered structure and high crystallinity

under relatively mild conditions, e.g., an air atmosphere, and a low
temperature.

3.4. XRD analysis of the synthesized Li(Ni;;3Co3Mn;/3)02

Fig. 5a presents the XRD patterns for the samples prepared by
the precursor of Nij;3Co1;3Mny;300H at calcination temperatures
of 400, 500 and 600°C for 24 h, respectively. The XRD patterns of
all the materials can be indexed by a hexagonal a-NaFeO, struc-
ture (space group: R3m), and no obvious impurity phases can
be observed. As can be seen from Fig. 5a, the (003) and (101)
peaks continuously shift to lower angles while the temperature
increases, suggesting that Li ions intercalation results in the lattice
expansion along a, b, ¢ direction. Furthermore, it is found that the
intensities of the diffraction peaks increase with increasing heat-
treatment temperature. In the XRD patterns, an intensity ratio of
the (003)/(104) peaks with a value lower than 1.2 has been rec-
ognized as a criterion for the existence of cation mixing in the
powders [26]. In addition, the separation between (018)/(110)
and (006)/(102) lines can be used to judge the structure arrange-
ment order [27,28]. According to Fig. 5a, the intensity ratio of
(003) and (104) peaks (Igg3/l104=1.8) at 600°C is higher than
those at other temperatures. The (018) and (110) peaks and the
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(006) and (102) lines are clearly split when the heating tem-
perature is 600°C. R-factor, defined as (Ipgg+1102)/101=0.496,
indicates a high degree of crystallinity and a good hexagonal order.
In other words, Li(Ni;;3C01;3Mny;3)0; powder can be synthesized
by Nijy;3Co1;3Mn;;300H at a low temperature of 600°C.

Fig. 5b shows the XRD patterns of the Li(Nij;3Coq1;3Mny3)0;
cathode materials synthesized by the precursor of
Nij;3C01;3Mny;3(OH); at 600°C for 24h. It is clear that there
are peaks caused by impurities at 20 =26°, 32° and 34°, which
indicates that pure Li(Ni;;3C013Mny;3)0; can not be obtained
when mixing Ni;3Co13Mn;;3(0OH); and LiNOs at this temperature.
In addition, The (018) and (11 0) peaks and the (006) and (102)
lines are not split, which indicates that Li(Nij;3Coq;3Mny3)0;
powders can not be synthesized by Nij;3Coq;3Mny3(OH); at a low
temperature of 600°C.

3.5. Morphology of the Li(Ni;;3Mny3Coy/3)0, powder

Fig. 6a-c shows the morphology of the synthesized
Li(Ni;3C0q3Mny3)0, powders for the LIB cathode at differ-
ent magnifications. From Fig. 63, it is observed that the synthesized
Li(Niy;3C013Mny;3)0, powders maintain the precursor’s spherical
particles, ranging in size from 13 wm to 15um. The interfaces
of the particles are clearly seen, and no aggregation is found. As
shown in Fig. 6b and c, each of the spherical particles is made up
of many crystalline grains. These granular particles are regularly
polyhedron-shaped, ranging in size from 200 nm to 500 nm. The
surface of the spherical particles is tidy and smooth, indicating
the possibility of synthesizing Li(Nij;3C01;3Mny3)0, with high
crystallinity and purity by the calcination of the mixture of the
oxidized precursor and the lithium salt at a low temperature. This
agrees with the results from XRD. Fig. 6¢ also shows that there
are some interspaces among the granular crystalline grains of
the spherical particle. When the Li(Ni;;3C0;3Mny3)0, cathode
material is used in LIBs, the liquid electrolyte can easily soak
into the interspaces and directly contact the crystalline grains.
Thus, the Li* in the liquid electrolyte can easily diffuse throughout
the Li(Nij;3Coq3Mny3)0, particles, which helps the material to
achieve good electrochemical performance.

3.6. Electrochemical properties

Fig. 7a shows the initial discharge curves for the
Li(Niq/3C04/3Mny3)0, powders prepared by different precursors at
600 °C for 24 h. The electrode was cycled over the voltage range of
3.0-4.3V at a constant current density of 0.2C (1C=180mAhg-1)
rate at 25 °C. The constant voltage (4.3 V) charge was applied to each
cell until the current decreased to 1/10th of its initial value during
the charging process. In the first cycle, the sample A prepared by
Ni;;3C01;3Mny;300H delivered a reversible discharge capacity of
148 mAh g1, which was much higher than that of the powder
(sample B) synthesized by the conventional Nij;3Co;3Mny;3(OH),
precursor (105 mAhg-1). In order to determine the cyclability of
the Li(Ni;3Co1;3Mny3)0; cathode material at a 0.2C rate between
3V and 4.3V, Li(Nij;3Coq;3Mny3)0; cathode of the two samples
were tested for 50 cycles. Fig. 7b shows the results of the cycling
test. The reversible capacity after 50 cycles is 142 mAhg-1 (96%
of the first discharge capacity) for sample A. But the capacity
retention at the 50th cycle is only 15mAhg-! for sample B. It
is obvious that the cyclability of sample A at the same current
density is much better than that of sample B. These results confirm
that the cyclic performance of LiNi;;3Mn;;3Co430, synthesized by
Nij;3C01;3Mny;300H is superior to that of the LiNi;;3Mn;;3C01/302
powders prepared by the conventional Nij;3Coq;3Mny;3(OH);
precursor. The excellent cycling stability of sample A attributes to
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Fig. 7. The charge-discharge curves for Li(Ni;;3Co1;3Mny3)0, synthesized at 600°C
for 24 h. (a) The initial charge-discharge curves. (b) The Li(Ni;;3Co1;3Mny3)02 pow-
der cyclic performance.

the uniform particle size and the highly ordered layered structure
of the final Li(Ni;3Co73Mny3)0, powder.

4. Conclusions

In this paper, spherical Li(Ni;;3Co;3Mny;3)0, with a layered
structure has been successfully prepared by using the spherical pre-
cursor of Nij;3Mny;3Co1;300H at 600 °C for 24 h. Thus, the use of
Nij;3Mny3Co4/300H to synthesize Li(Niy;3Mnq3Co4/3)02 canavoid
high-temperature fabrication processes, resulting in lower capi-
tal outlays for fabrication equipment and significant reductions in
energy costs during the commercial powder manufacturing.

The morphologies of the Li(Ni; ;3Mny3C0q/3)0; powders exhibit
clearly hexagonal shapes together with homogeneous size dis-
tribution. The synthesized Li( Nl]{gl\/lﬂ] 13C01/3)02 has an excellent
discharge capacity of 148 mAh g~ (at 0.2C) in the first cycle with an
excellent capacity retention rate of more than 96% after 50 cycles.
Thus, to synthesize Li(Nij;3Mn;;3C04/3)02 by using the spheri-
cal precursor of Nij;3Mny;3C01;300H is a promising method for
rechargeable LIBs.
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