
A

b
p
L
h
c
©

K

1

t
g
f
b
s
e
N
C
o
i
T
3
i
t
t
1

0
d

Journal of Power Sources 161 (2006) 601–605

Short communication

Effects of synthesis conditions on the structural and electrochemical
properties of layered Li[Ni1/3Co1/3Mn1/3]O2 cathode material via the

hydroxide co-precipitation method LIB SCITECH

Xufang Luo a, Xianyou Wang a,∗, Li Liao a, Ximin Wang a, Sergio Gamboa b, P.J. Sebastian b

a College of Chemistry, Xiangtan University, Hunan 411105, PR China
b Solar-Hydrogen-Fuel Cell Group, CIE-UNAM, Temixco 62580, Morelos, Mexico

Received 17 February 2006; accepted 18 March 2006
Available online 12 June 2006

bstract

The uniform layered Li[Ni1/3Co1/3Mn1/3]O2 cathode material for lithium ion batteries was prepared by using (Ni1/3Co1/3Mn1/3)(OH)2 synthesized
y a liquid phase co-precipitation method as precursor. The effects of calcination temperature and time on the structural and electrochemical
roperties of the Li[Ni Co Mn ]O were systemically studied. XRD results revealed that the optimal prepared conditions of the layered
1/3 1/3 1/3 2

i[Ni1/3Co1/3Mn1/3]O2 were 850 ◦C for 18 h. Electrochemical measurement showed that the sample prepared under the above conditions has the
ighest initial discharge capacity of 162.1 mAh g−1 and the smallest irreversible capacity loss of 9.2% as well as stable cycling performance at a
onstant current density of 16 mA g−1 between 3 and 4.3 V versus Li at room temperature.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, Li[Ni1/3Co1/3Mn1/3]O2 as a special case among
he Li[NixCo1−2xMnx]O2 series where x is 1/3 has attracted a
reat deal of interest in the investigation of cathode materials
or lithium ion batteries to replace the presently popular LiCoO2
ecause the combination of Ni, Co, Mn can provide advantages
uch as stable cycling performance, good thermal stability and
xcellent rate capability [1–5]. It has a typical hexagonal �-
aFeO2 structure with a space group of R3̄m, the valence of Ni,
o and Mn in the compound are 2+, 3+ and 4+, respectively [6],
nly divalent Ni and trivalent Co are involved in the electrochem-
cal processes through Ni2+/4+ and Co3+/4+ redox couples [7,8].
etravalent Mn, on the other hand, has a configuration of empty
deg orbitals in octahedral coordination so that it is electrochem-
cally inactive. However, Mn plays an essential role in supporting

he host structure during Li+ de-/intercalation. It was reported
hat the rechargeable capacity of Li[Ni1/3Co1/3Mn1/3]O2 was
60 mAh g−1 when the cell operated at 2.5–4.4 V and more than
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00 mAh g−1 in the voltage range of 2.8–4.6 V [3,9] and it is con-
idered to be one of the best candidates for a positive electrode
aterial for hybrid electric vehicle (HEV) power source system

y Amine et al. [10]. However, the synthesis of homogenous
i[Ni1/3Co1/3Mn1/3]O2 is not easy, so selecting a suitable prepa-

ation method is important to obtain phase-pure final products.
any researchers have reported that employing coprecipitation

o prepare metal hydroxide would be the best choice because the
ethod essentially gives phase-pure oxide products [11–15].
eanwhile, we can find that the heat-treatment of the pre-

ursor is very important to obtain Li[Ni1/3Co1/3Mn1/3]O2 with
xcellent properties. In this paper, Li[Ni1/3Co1/3Mn1/3]O2 was
repared by mixing uniform co-precipitated metal hydroxide,
Ni1/3Co1/3Mn1/3)(OH)2 with 5% excess LiOH·H2O followed
y heat-treatment. The effects of the calcination temperature
nd time on the structural and electrochemical properties of the
i[Ni1/3Co1/3Mn1/3]O2 were studied in detail.
. Experimental

In order to prepare a homogenous (Ni1/3Co1/3Mn1/3)(OH)2
recursor, we applied hydroxide co-precipitation method

mailto:wxianyou@yahoo.com
dx.doi.org/10.1016/j.jpowsour.2006.03.090
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integrated intensity ratio of the I003/I104 to indicate the cation
mixing of the layered structure. Generally, when I003/I104 > 1.2,
the cation mixing is small with good layered structure. The
I003/I104 values of all the samples in this work are larger than 1.2,
02 X. Luo et al. / Journal of Po

s we previously reported [16]. An aqueous solution of
iSO4·6H2O, CoSO4·7H2O and MnSO4·H2O (cationic ratio
f Ni:Co:Mn = 1:1:1) with a concentration of 2 mol L−1 was
recipitated by adding NaOH solution (aq.) of 2 mol L−1 and
desired amount of NH4OH solution (aq.) separately under

rgon atmosphere along with continued stirring. The solution
as maintained at 50 ◦C for 24 h and the pH was controlled

o 10–11. Then, the spherical precursor was filtered, washed
nd dried in a vacuum at 50–60 ◦C overnight. The transition
etal composition of the precursor was determined by atomic

bsorption spectroscopy (AAS). The obtained precursor pow-
er was mixed with 5% excess LiOH·H2O (excess amount of
i salts was used to compensate for possible Li loss during the
alcinations) thoroughly using a ball mill and the powder was
ressed into pellets. The pellets were initially heated to 480 ◦C
or 5 h and then 650 ◦C for 9 h. The pellets were remade and
ubsequently calcined at 700–1000 ◦C for 18 h in air to obtain
i[Ni1/3Co1/3Mn1/3]O2.

Powder X-ray diffraction was carried out using a Cu K� radi-
tion of Rigaku D/max 2550 diffractometer. Silicon powder was
sed as an internal standard for the calculation of lattice param-
ters.

The cathode was prepared by mixing the active material with
arbon black and PTFE in a weight ratio of 75:15:10. The mix-
ure was pressed onto a stainless steel mesh used as the current
ollector and dried under vacuum at 120 ◦C for 24 h. The labo-
atory pouch cells consisting of the cathode, the lithium foil as
n anode and 1 M LiPF6-EC/DMC (1:1 in volume) as an elec-
rolyte were assembled in an argon-filled glove box. Cycle tests
ere performed on the cells between 3 and 4.3 V at 0.1 C of
constant current at 30 ◦C with a BTS-51800 Neware Battery
esting System. (160 mA g−1 was assumed to be 1 C rate).

. Results and discussion

The obtained brown colored powder from the hydroxide co-
recipitation process was used as a precursor, the Ni/Co/Mn
atio in the precursor was determined to 0.33:0.34:0.33 by
tomic absorption spectroscopy (AAS), which is almost the
ame as the design value. Fig. 1 shows the XRD patterns of
he precursor (Ni1/3Co1/3Mn1/3)(OH)2 and the mid-product of
i[Ni1/3Co1/3Mn1/3]O2. The X-ray diffraction pattern of the
recursor (Fig. 1a) shows broad integrated lines and can be
ttributed to the mixture of transition metal (TM = Ni, Co, Mn)
ydroxides. It can be seen from the XRD pattern of the mixture of
he precursor and LiOH·H2O (Fig. 1b) that there appeared sev-
ral new diffraction peaks compared to the precursor (Fig. 1a).
he XRD spectra recorded for the mixture heated to 480 ◦C for
h revealed the formation of the well-crystallized compound
uring the heating process (shown in Fig. 1c). However, in
ig. 1d, the sample which continued to be heated at 650 ◦C for
h appeared to have the characteristic of a layered structure to a
ertain extent though the diffraction peaks were slightly broad.
Fig. 2 illustrates the powder X-ray diffraction patterns of
he samples calcined at different temperatures, such as 700,
00, 850, 900 and 1000 ◦C, respectively. Hereafter, the mate-
ials synthesized at 700, 800, 850, 900 and 1000 ◦C were

F
s
9

ig. 1. X-ray diffraction pattern of the precursor and mid-product of the
i[Ni1/3Co1/3Mn1/3]O2 powder. (a) (Ni1/3Co1/3Mn1/3)(OH)2 precursor; (b) pre-
ursor mixed with LiOH.H2O; (c) 480 ◦C heated for 5 h; (d) 650 ◦C heated for
h.

eferred as S70, S80, S85, S90 and S100. All the samples
an be indexed to the hexagonal �-NaFeO2 structure (space
roup:R3̄m) without any impurity peaks. As being seen in
ig. 2, the splits in the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) doublets
bserved in all the XRD patterns, indicating that the layered
i[Ni1/3Co1/3Mn1/3]O2 cathode material has been successfully
ynthesized at all the calcination temperature in this experiment
hough S70 and S100 showed slightly broader diffraction lines
han those of the others.

The lattice parameters and other structural parameters cal-
ulated based on XRD results for Li[Ni1/3Co1/3Mn1/3]O2 are
ummarized in Table 1. Some researchers [17,18] used the high
ig. 2. X-ray diffraction pattern of the Li[Ni1/3Co1/3Mn1/3]O2 powder synthe-
ized at various temperatures for 18 h. (a) 700 ◦C; (b) 800 ◦C; (c) 850 ◦C; (d)
00 ◦C; (e) 1000 ◦C.
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Table 1
Calculated structure parameters for Li[Ni1/3Co1/3Mn1/3]O2 synthesized at var-
ious temperatures for 18 h

T (◦C) a (Å) c (Å) c/a Volume
(Å3)

I003/I104 R = (I102 + I006)/I101

700 2.862 14.235 4.974 100.96 1.35 0.5321
800 2.861 14.230 4.974 100.85 1.71 0.4786
850 2.862 14.229 4.972 100.91 1.73 0.4565
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after 20 cycles was 150.0 mAh g (93.8% of the initial dis-

T
C

T

1

900 2.861 14.232 4.974 100.89 1.54 0.5034
000 2.868 14.266 4.974 101.81 1.31 0.5066

ndicating no undesirable cation mixing takes place. As shown
n Table 1, with increasing calcination temperature from 700
o 900 ◦C, the lattice parameter, a, which is related to average

etal-metal intra-slab distance, the lattice parameter, c, which
s correlated to the average metal-metal inter-slab distance, the
rigonal distortion, c/a, and the cell volume V underwent no
pparent change. The lattice parameters are in good agreement
ith the literature [6,9,21]. While for S100, the lattice parame-

ers a, c and V increase distinctly while the c/a ratio is virtually
nchanged. These results indicate that the hexagonal ordering
oes not change with calcination temperature. In addition, Dahn
t al. [19,20] believed that the R-factor (R = (I102 + I006)/I101) was
n indicator of hexagonal ordering, the lower the R-value, the
etter the hexagonal ordering. It can been seen from Table 1
hat S85 has the lowest R-value of 0.4565, indicating the best
exagonal ordering.

In order to further study the influence of the calci-
ation temperature on the electrochemical performance of
i[Ni1/3Co1/3Mn1/3]O2, the test cells were operated at a con-
tant current density of 16 mA g−1 between 3 and 4.3 V versus
i at room temperature. Fig. 3 shows the initial charge/discharge
urves of the Li[Ni1/3Co1/3Mn1/3]O2 powder synthesized at
arious temperatures for 18 h and Fig. 4 shows cycling perfor-
ance of all the samples up to 20 cycles. As seen from the
igs. 3 and 4, all cells showed quite smooth and monotonous
harge/discharge curves. On charging at 16 mA g−1, the voltage
uddenly increased to about 3.7 V and then held at 3.7–3.85 V
ntil the charge capacity reached about 105 mAh g−1, which
ould be attributed to the Ni2+/Ni4+ redox reaction occurred
n this region [3]. On further charging, the voltage curves

onotonously increased to 4.3 V, which was similar to that

bserved by Ohzuku et al. [1]. Charge–discharge capacities
nd capacity retention ratios of all the samples are tabulated
n Table 2. Although S70 has lower crystallinity than the other

c
c
i

able 2
harge–discharge capacity of Li[Ni1/3Co1/3Mn1/3]O2 synthesized at various tempera

(◦C) First charge capacity
(mAh g−1)

First discharge
capacity (mAh g−1)

Irreversible cap
loss (mAh g−1

700 182.9 159.9 23.0
800 179.6 161.2 18.4
850 176.9 162.1 14.8
900 175.1 157.5 17.6
000 179.9 156.9 23.0
ig. 3. The initial charge–discharge profiles of the synthesized Li[Ni1/3

o1/3Mn1/3]O2 (3–4.3 V) operated at 16 mA g−1 at 30 ◦C.

amples, it shows the highest charge capacity of 182.9 mAh g−1

nd discharge capacity of 159.9 mAh g−1 in the first cycle, for
hich the efficiency corresponds to 85.6%. The discharge capac-

ties of 161.2, 162.1, 157.5 and 156.9 mAh g−1 were obtained
t the first cycle for S80, S85, S90 and S100, respectively. Fur-
hermore, the irreversible capacity loss (IRC) of S70, S80, S90
nd S100 were 14.4%, 11.4%, 11.2% and 14.6%, respectively.
he smallest IRC of 9.2% was also obtained by S85. All sam-
les have excellent cyclic performance. The reversible capacity

−1
harge capacity), 158.9 mAh g−1 (98.6% of the initial discharge
apacity), 160.8 mAh g−1 (99.2% of the initial discharge capac-
ty), 155.8 mAh g−1 (98.9% of the initial discharge capacity)

tures for 18 h

acity
)

First discharge
efficiency (%)

20th discharge
capacity (mAh g−1)

20th capacity
retention (%)

85.6 150.0 93.8
88.6 158.9 98.6
91.8 160.8 99.2
88.8 155.8 98.9
85.4 151.6 96.6
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Fig. 5. X-ray diffraction pattern of the Li[Ni1/3Co1/3Mn1/3]O2 powder synthe-
sized at 850 ◦C for different time. (a) 6 h; (b) 12 h; (c) 18 h; (d) 24 h.

Table 3
Calculated structure parameters for Li[Ni1/3Co1/3Mn1/3]O2 synthesized at
850 ◦C for different time

t (h) a(Å) c(Å) c/a volume
(Å3)

I003/I104 R = (I102 + I006)/I101

6 2.862 14.233 4.973 100.99 1.58 0.5006
12 2.863 14.235 4.972 101.05 1.68 0.4774
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ig. 4. Discharge capacities as a function of cycle number of the synthesized
i[Ni1/3Co1/3Mn1/3]O2 (3–4.3 V) operated at 16 mA g−1 at 30 ◦C.

nd 151.6 mAh g−1 (96.6% of the initial discharge capacity) for
70, S80, S85, S90 and S100, respectively. These results are
onsistent with the XRD results in which the S85 has the high-
st I003/I104 ratio of 1.73 and the lowest R-value of 0.4565 while
he S70 has the highest R-value of 0.5321. As mentioned above,
t can be concluded that Li[Ni1/3Co1/3Mn1/3]O2 reported in this
aper has good electrochemical performance for the applica-
ion as the cathode material of lithium ion batteries, and it can
e considered that 850 ◦C is the best synthetic temperature of
i[Ni1/3Co1/3Mn1/3]O2 for using (Ni1/3Co1/3Mn1/3)(OH)2 pre-
ared by liquid phase co-precipitation method as precursor.
The influence of calcination time on the structural and electro-
hemical properties of Li[Ni1/3Co1/3Mn1/3]O2 was also investi-
ated. Fig. 5 shows the X-ray diffraction patterns of the samples

r
t
T

able 4
harge–discharge capacity of Li[Ni1/3Co1/3Mn1/3]O2 synthesized at 850 ◦C for diffe

(h) First charge capacity
(mAh g−1)

First discharge
capacity (mAh g−1)

Irreversible capa
loss (mAh g−1)

6 172.8 155.4 17.4
2 175.0 159.6 15.4
8 176.9 162.1 14.8
4 179.2 161.9 17.3
8 2.862 14.229 4.972 100.91 1.73 0.4565
4 2.862 14.236 4.974 101.01 1.66 0.4786

alcined at 850 ◦C for different time in air, viz., 6, 12, 18,
4 h. Hereafter, the materials synthesized at 6, 12, 18, 24 h
ere referred as T6, T12, T18 and T24, respectively. The lat-

ice parameters and other structural parameters calculated for
i[Ni1/3Co1/3Mn1/3]O2 synthesized at different time are sum-
arized in Table 3. The layered structure of the materials
as confirmed by the clear splitting of the hexagonal doublet

0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) as shown in Fig. 5. It can be
een from Table 3 that with increasing calcination time, the cal-
ulated lattice parameters a, c, c/a and unit cell volume V showed
o obvious change. It is clear from above results that the hexag-
nal ordering does not change with calcination time. Table 4
hows the charge–discharge capacities and capacity retention

atios of Li[Ni1/3Co1/3Mn1/3]O2 calcined at 850 ◦C for different
ime in air. The first discharge capacities of T6, T12, T18 and
24 were 155.4, 159.6, 162.1 and 161.9 mAh g−1 and the cor-

rent time

city First discharge
efficiency (%)

20th discharge
capacity (mAh g−1)

20th capacity
retention (%)

89.9 149.7 96.3
91.2 157.4 98.6
91.8 160.8 99.2
90.3 159.9 98.8



er So

r
r
a
i
c

4

s
h
u
r
a
p
m
8
p
r
h
0
w

A

o
u
o
a
g

R

[

[

[

[
[

[

[

[
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esponding efficiencies were 89.9%, 91.2%, 91.8% and 90.3%,
espectively. The capacity retention ratios of all samples were
bove 96% by the 20th cycle. Similarly, the best electrochem-
cal property was obtained for T18 and so 18 h is the optimal
alcination time for preparing Li[Ni1/3Co1/3Mn1/3]O2.

. Conclusions

Well-ordered layered Li[Ni1/3Co1/3Mn1/3]O2 powder was
uccessfully prepared by mixing uniform co-precipitated metal
ydroxide, (Ni1/3Co1/3Mn1/3)(OH)2 with 5% excess LiOH·H2O
nder different calcination temperatures. The XRD results
evealed that the I003/I104 values of all the samples in this work
re larger than 1.2 indicating no undesirable cation mixing takes
lace. Based upon the results of the electrochemical experi-
ents, we concluded that the ideal synthesized conditions were

50 ◦C for 18 h. The layered Li[Ni1/3Co1/3Mn1/3]O2 material
repared under the optimal conditions has the highest I003/I104
atio of 1.73 and the lowest R-value of 0.4565, which shows the
ighest initial discharge capacity of 162.1 mAh g−1 (3–4.3 V,
.1C) and the smallest irreversible capacity loss of 9.2%, as
ell as good cycle performance.
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