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Abstract

The layered LiMn,;3Ni;;3Co;,30, cathode materials were synthesized by an oxalate co-precipitation method using different starting materials of
LiOH, LiNOs, [Mn3Ni;3C043]C,04-2H,0 and [Mn,/3Ni;,3Co;3]304. The morphology, structural and electrochemical behavior were character-
ized by means of SEM, X-ray diffraction analysis and electrochemical charge—discharge test. The cathode material synthesized by using LiNO;
and [Mn;;3Ni,3Co0,3]C,04-2H,0 showed higher structural integrity and higher reversible capacity of 178.6 mAh g~! in the voltage range 3.0-4.5 V
versus Li with constant current density of 40 mA g~! as well as lower irreversible capacity loss of 12.9% at initial cycle. The rate capability of the

cathode was strongly influenced by particle size and specific surface area.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, a layered transition-metal oxide LiMnj;3Nijz3
Co1/307, which s solid solution of LiCoO» and LiNip sMng 5O»,
is extensively studied as a promising cathode material for lithium
ion battery because of its higher reversible capacity, lower cost,
milder thermal stability and lower toxicity than commercially
used LiCoO; [1-4]. In this solid solution, the valence states of
Ni, Mn and Co are 2+, 4+ and 3+, respectively [3,5]. During
charge—discharge process, only divalent Ni and trivalent Co can
take part in redox process and tetravalent Mn ion is inactive
[3,5]. The electrochemically inactive tetravalent Mn is believed
to support the host structure during redox process and contribute
stable cycling performance.

In our previous study, we reported that electrochemical per-
formance of the LiMn,3Ni/3C01/303 solid solution is strongly
affected by synthesis condition for the sake of difference in
homogeneity [6]. Thus, we believe that the control of homo-
geneity and integrity of the host structure are most important
factors to obtain better electrochemical properties such as high
reversible capacity and stable cycling performance.
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However, preparation of the LiMn1,3Ni;3Co1,30; solid solu-
tion with excellent electrochemical performance is quite diffi-
cult. A hydroxide co-precipitation method has been used as a
major preparation technique to get homogeneous solid solution
[1-4,7-9]. Obviously, the hydroxide co-precipitation is one of
the powerful synthesis methods. During the precipitation period,
however, precipitated transition-metal hydroxide oxidizes in the
aqueous solution. For example, Mn(OH), oxidizes gradually to
MnOOH (Mn3*) or MnO, (Mn**) upon precipitation conditions
which can decrease the homogeneity of final product. Therefore,
the control of valence state of Mn in aqueous solution is a criti-
cal point to obtain homogeneous solid solution. In our previous
work [10,11], we applied carbonate co-precipitation method to
prepare homogeneous precursor by fixing the valence of Mn
during precipitation process. Consequently, we had successfully
synthesized LiMn;,3Nij3Co1/30;, cathode material with excel-
lent electrochemical performance.

Here, therefore, we selected an oxalate co-precipitation
method for synthesis LiMnj3Nij;3Co01,302 solid solution
because the valence state of Mn in oxalate form can be stable
as +2 in an aqueous solution. This implies that the homoge-
neous solid solution containing Mn could be readily prepared
using oxalate co-precipitation method. In this study, we reported
the structural integrity, morphology and electrochemical perfor-
mances of the LiMn{/3Ni;3C0130; cathode material prepared
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by oxalate co-precipitation method. And we also reported the
effects of the starting materials on the electrochemical proper-
ties of the LiMn;,3Nij3Co1/30; cathode material.

2. Experimental

LiOH, LiNOj3, Mn(NOs3),-6H,O, Ni(NO3),-6H,0, Co-
(NO3),-6H,0 and (NH3),C,04 were used as starting materi-
als. To form a transition-metal oxalate [Mn/3Ni;3C01/3]C204,
we prepared two aqueous solutions, transition-metal nitrate and
a 0.15M ammonium oxalate. A white [Mnj/3Ni/3Co1/3]C204
sediment was obtained by dropping these solutions into hot reac-
tion bath (60 °C) at the same time in an inert atmosphere. During
precipitation, the pH of the reaction bath was adjusted by adding
of NH4OH to 8.5. After precipitation, the sediment was filtered
with distilled water several times then was dried at room tem-
perature.

The thermal behavior of obtained metal oxalate was con-
firmed by TG-DTA analysis with a scan rate of 10°C min~! in
air atmosphere.

In order to investigate the effect of starting material on the
structural and electrochemical performance of synthesized cath-
ode material, we used two types of transition-metal precursors,
an oxalate or an oxide. A transition-metal oxide was prepared by
the decomposition of oxalate sediment at 500 °C for 5h in air.
The decomposition from transition-metal oxalate into transition-
metal oxide was confirmed by thermogravimetry analysis and
X-ray diffraction methods.

LiMn3Nij3Co1/307 solid solutions were synthesized by the
calcination of a stoichiometric amount of LiOH or LiNO3 and
transition-metal oxalate or transition-metal oxide at 1000 °C
for 20h in air. Before calcination, the exact amounts of the
transition-metal ions in transition-metal oxalate or transition-
metal oxide were determined by EDTA titration technique [12].

X-ray diffraction measurements for the precursor and the syn-
thesized LiMn13Nij3Co1/30, materials were carried out using
a Cu Ka radiation of Rigaku Rint 1000 diffractometer in the
scanning range (26) of 10-80°. The specific surface areas of
the synthesized materials were measured using a Micromerit-
ics Gemini 2375 (USA) by the BET method. Scanning electron
microscopy (SEM: JSM-5300E, JEOL, Japan) was carried out
to observe the morphologies of the synthesized materials.

The electrochemical characterizations were carried out using
the CR-2032-type coin cell. A cathode was prepared by pressing
active material film, which is consist of 20 mg active material
and 12 mg conducting binder (Teflonized acetylene black), on
the stainless steel mesh. The coin type cell was composed of the
cathode, the lithium foil as an anode and 1 M LiPFs-EC/DMC
(1:2 in volume) as an electrolyte. The electrochemical cycling
tests were performed at room temperature.

3. Results and discussions
3.1. Characterization of co-precipitated compound

The metal oxalate can be established two different crystal-
hydrated types depending on the precipitation conditions;
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Fig. 1. Thermogravimetric analysis profile for the [Mnj/3Nij3C013]C204-
2H,O0.

MeC;,04-2H,0 and MeC704-3H,0 (Me =metal ion) [13,14].
The former is a white colored metal oxalate dihydrate, mon-
oclinic structure and the latter is a pink colored metal oxalate
trihydrate, orthorhombic structure. As described in Section 2,
we obtained a white sediment in the conditions of 60°C, an
inert atmosphere and pH 8.5. Based on the color of the sed-
iment, we believe that the sediment prepared in this study
is [Mny;3Ni;3C013]C204-2H>,O with monoclinic structure.
The suggested chemical composition and thermal behavior of
obtained metal oxalate were confirmed and discussed below.
Fig. 1 shows the TG-DTA curve for the transition-metal
oxalate. The profile had two steps of weight loss. The first step
from 160 to 220 °C showed ca. 19.5 wt.% weight loss with small
broad endothermic peak in DTA curve that would be related with
dehydration of metal oxalate. In suggesting chemical formula of
metal oxalates by earlier literatures [13,14], MeC>04-2H,0 and
MeC>04-3H,0 can be dehydrated by thermal treatment. Hence,
19.8 and 27.1 wt.% of weight losses by losing of crystal water
are expected for the MeC>04-2H, 0 and MeC,04-3H, 0, respec-
tively. The 19.5 wt.% of weight loss in the first step determined
by TG experiment agrees well with the value of 19.8 wt.% that
is calculated from the dehydration of MeC>04-2H,0. There-
fore, the chemical formula of prepared metal oxalate can be
represented as [Mnj3Ni3Co1/3]C204-2H;0 as expected. Total
metal ion content determined by the EDTA analysis [12] also
agrees with this composition. Consequently, the possible dehy-
dration reaction in the first weight loss could be described in Eq.

(1):
[Mn/3Ni;/3Co1/3]C204-2H,0
— [Mnj3Nij3Co1,3]1C204 4 2H,0 ¢ 1)

After dehydration reaction, the anhydrous [Mnj;3Nijz3
Co1/3]C204 can be decomposed into both metal oxide and gases
such as carbon mono- and di-oxide by further thermal treat-
ment in air. The weight loss in the second step with large sharp
exothermic DTA curve was observed around 270 °C. However,
there are no changes in both TG and DTA curves up to 500 °C.
This second weight loss with exothermic reaction is probably
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the decomposition of anhydrous [Mn1,3Nij;3C01/3]C204. The
possible decomposition reaction in air is suggested in Eq. (2):

3[Mn;3Nij;3Co1/3]C204 + 20,
— [Mn,3Ni;/3Co01/3]304 + 6CO21 2

In the equation, 3 mol anhydrous [Mnj;3Nij;3C01/3]C204 can
be transform into 1 mol [Mn;/3Nij;3Co1/3]304 with 6 mol of
CO, gases with releasing some energy. The theoretical value
of weight loss in this reaction is 35.3 wt.%. This value is well
coincident with the observed value 35.2 wt.%. We carried out
XRD analysis in order to investigate structural change dur-
ing the thermal decomposition process. Fig. 2 shows X-ray
diffraction patterns of oxalate precursor and thermally decom-
posed oxide compound. The diffraction pattern of oxalate
(Fig. 2a) is well agreed with monoclinic a-FeC,;04-2H,0
(JCPDS No. 22-0355). A Me304 (Me =metal) is typical for-
mula of spinel compound. The sample prepared by heating at
500°C for 5h in air atmosphere shows a typical XRD pro-
file of spinel structure (space group: 227, Fd3m) as seen in
Fig. 2b. Based on the TG-DTA and XRD results, it is clear that
we have prepared a-[Mn13Nij/3C01/3]C204-2H>0O with mono-
clinic structure and this metal oxalate dihydrate transformed into
[Mn/3Ni/3C01/3]304 through dehydration and decomposition
reactions by thermal treatment in air.
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Fig. 2. X-ray diffraction patterns of: (a) [Mn;;3Nij;3C01/3]C204-2H,0 and (b)
[Mn;3Nij;3Co01/3]1304.
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Fig.3. SEM photographs of: (a) oxalate precursor and (b) thermally decomposed
compound at 500 °C for 5h.

Fig. 3a and b shows SEM photographs of an oxalate pre-
cursor and thermally decomposed spinel oxide, respectively. As
shown in Fig. 3, the large oxalate particles (Fig. 3a) broke into
small narrow particles (Fig. 3b) during the thermal decompo-
sition process, due probably to vigorous evaporation of CO;
gases.

3.2. Characterization of cathode compounds

In order to observe the morphologies of the synthesized cath-
ode materials, SEM observation was carried out. The SEM
images of four samples are shown in Fig. 4. Where the specific
surface areas determined by BET technique are also described.
The four samples had clearly different morphology and specific
surface area. The sample A, which synthesized using oxalate
precursor and lithium hydroxide, showed irregular particle shape
and flat surface in addition to the largest particle size of 5-10 pwm.
On the other hand, sample D synthesized from oxide precursor
and lithium nitrate had the smallest particle size (less than 1 pm)
among them. The specific surface areas of samples A, B, C and
D were 0.27, 0.56, 0.80 and 1.02m? g~ !, respectively. Conse-
quently, SEM observation and BET measurement revealed that
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(a) 0.27 m? g
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(d) 1.02 m2 g!

Fig. 4. SEM photographs and specific surface areas for the (a) sample A, (b) sample B, (c) sample C and (d) sample D.
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Fig.5. X-ray diffraction patterns for the synthesized LiMn;,3Ni;;3Co1/30; cath-
ode materials.

the contribution of lithium nitrate and transition-metal oxide lead
smaller particle size and large specific surface area than that of
the lithium hydroxide and the metal oxalate.

Fig. 5 shows the results of XRD studies for the synthesized
LiMn;/3Nij;3Co1/30, materials using various lithium sources
with metal oxalate or metal oxide at 1000 °C. The XRD pat-
terns of all materials could be indexed based on the a-NaFeO,

Table 1

structure (space group: 166, R3m). We could not observe any
impurity phases in the measured range and all samples showed
clear peak split of (006, 102) and (108, 110), which is an
indicator of hexagonal ordering [15,16]. The lattice parame-
ters of the synthesized cathode materials were calculated by
least square method using 10-diffraction lines. The determined
parameters are summarized together with starting materials in
Table 1. The determined lattice parameters were somewhat
different for the samples. The sample C showed the smallest
lattice parameter a and ¢, which are very close with reported
values [1,3,11]. On the other hand, the sample A showed big-
ger lattice parameters a and ¢ than others. Samples B and D
showed intermediate values of lattice parameters between sam-
ples C and A. This difference in lattice parameter indicates that
the samples were synthesized with different structural integrity
because lattice parameters closely related with atomic distribu-
tion (e.g. cation mixing) in hexagonal oxide cathode material.
The trend of degree of cation mixing in the samples have been
traced by intensity ratio, R=[I102) +1006)l/[(101), which was
suggested by Reimers et al. [17] to deduce degree of cation
mixing in Ni-based layered cathode material. Here, the lower
R value indicates lower cation mixing. From the calculation of
intensity ratio, it was found that the sample C prepared using
LiNO3 and metal oxalate shows the highest structural integrity,
i.e. lower cation mixing, whereas the sample A prepared using
LiOH and metal oxalate shows the lowest one. Therefore, it
could be expected that the sample C prepared using LiNO3

Summary of starting materials and structural parameters of synthesized LiMnj;3Nij;3Coy/30; cathode materials

Sample Starting materials a (A) c (A) cla Vol. (A3) TIoos+102/I101)
A MC,04-2H,0 LiOH 2.869 14.299 4.983 101.99 0.60
B M304 LiOH 2.868 14.271 4.975 101.65 0.50
C MC,04-2H,0 LiNO3 2.863 14.244 4.976 101.16 0.42
D M304 LiNO3 2.864 14.254 4.977 101.32 0.49
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Fig. 6. Initial charge and discharge curves for the synthesized LiMn;,3Nij;3
Co1,30, cathode materials.

and metal oxalate can deliver better electrochemical perfor-
mance than other samples due to a better structural integrity than
others.

3.3. Electrochemical characteristics

The electrochemical charge—discharge experiments for the
four LiMn3Nij3Co130, samples were carried out at room
temperature in the voltage range between 3.0 and 4.5V ver-
sus Li. A constant current density of 40mA g~! (0.4 mA cm~?)
was applied to working electrode. Initial charge—discharge
curves and cycle stability for the cells are presented in
Figs. 6 and 7, respectively. The highest initial discharge capacity
of 178.6 mAh g~! and the lowest irreversible capacity of 12.9%
were obtained from sample C. It is superior capacity than a
capacity (155mAhg~!) observed from a cathode prepared by
solid-state reaction method [6]. Moreover, it is comparable to
capacities obtained from other solution methods [3,11,18]. The
lowest discharge capacity of 133.2 mAh g~! and the highest irre-
versible capacity of 26.6% were obtained by sample A. The
samples B and D delivered 152.4 and 170.0mAhg~! as ini-
tial discharge capacity and showed irreversible capacity of 15.6
and 13.2%, respectively. The obtained electrochemical perfor-
mances of cathodes revealed that there is a close relationship
between structural integrity and electrochemical performance.
Therefore, it could be concluded that electrochemical proper-
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Fig. 7. Discharge capacities as a function of cycle number for the synthesized
LiMn;3Ni;;3Co1/30; cathode materials in the voltage range 3.0-4.5 V.

ties of the cathode material depend strongly on the structural
integrity.

Fig. 7 shows cycle stability of the four samples. As shown
in Fig. 7, cycle stability also depended strongly on the struc-
tural integrity. The sample C, which has the highest struc-
tural integrity, showed highest retained discharge capacity of
162.3mAhg~! after 25 cycles. On the other hand, sample A,
which has the lowest structural integrity, showed the lowest
retained discharge capacity of 86 mAhg~!. In the case of the
samples B and D, which have similar structural integrity, showed
almost same cycling performance after 10th cycle, in spite of
difference in initial capacity.
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Fig. 8. Rate capability tests for the samples D and C in the voltage range
3.0-45V.
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In order to investigate the rate capability of the samples C
and D, we applied constant current of 40mA g~! (0.22 C) for
charging and various current densities of 40, 100, 200, 400 and
800 mA g~! for the discharge in the voltage range of 3.0-4.5V
versus Li. The results are presented in Fig. 8. The C rates were
calculated using 180mAhg~! as a theoretical capacity. The
sample C delivered slightly higher initial discharge capacity
of 181.2mAhg~! than that of the sample D (178.1 mAhg~1).
However, the sample D showed higher capacity retention ratio
than that of the sample C with increasing current density thereby
when the 800 mA g~! (4.44 C) was applied to the cathodes, the
retained discharge capacities of the samples C and D were 86.2
and 109.8 mAh g~!, respectively. The better rate capability of
the sample D than that of sample C is due probably to small
particle size and large specific surface.

4. Conclusion

The layered LiMnj3Nij;3Co01/30, cathode materials were
successfully synthesized by using homogeneous Mn, Ni and Co
mixture, which was prepared by the oxalate co-precipitation,
LiOH and LiNOg as starting materials. The XRD experiment
and SEM observation revealed that structural integrity and mor-
phology of the cathode materials synthesized using oxalate com-
pound strongly depend on the lithium sources. Lithium nitrate
delivered better structural integrity and homogeneous particle
distribution than lithium hydroxide. The sample C delivered
higher reversible capacity of 178.6mAhg~! as well as lower
irreversible capacity loss of 12.9% with help of higher struc-
tural integrity. From the rate capability test, small particle sized

powder with large specific surface area can show excellent rate
capability.
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