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bstract

We have successfully prepared the layered structure LiNi0.35Co0.3−xCrxMn0.35O2 with various Cr contents by a co-precipitation method. Many
easurement methods have been applied to characterize the physical and electrochemical properties of LiNi0.35Co0.3−xCrxMn0.35O2, such as XRD,
EM, BET and electrochemical test. SEM showed that the addition of Cr has obviously changed the morphologies of their particles and increased

he size of grains. The specific surface area of LiNi0.35Co0.3−xCrxMn0.35O2 decreases lineally from 4.9 m2 g−1 (x = 0) to 1.8 m2 g−1 (x = 0.1) with the
ncreasing of Cr contents. Moreover, we have found that the Cr doping can greatly improve the density of the powder, which is beneficial to solve

he problem of lower electrode density for these layered LiNi0.35Co0.3−xCrxMn0.35O2 cathode materials. Electrochemical test indicated that the
ycling performance of LiNi0.35Co0.3−xCrxMn0.35O2 can be significantly improved with the increasing of Cr contents, although the initial discharge
apacity of the sample has a little decrease.

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

Until now, many compounds have been studied as cathode
aterials for lithium ion batteries such as LiCoO2, LiNiO2,
iMn2O4, LiFePO4, as well as LiMnO2 and their derivatives

1–7]. Among these materials, LiCoO2 have been widely used
n commercial lithium ion batteries. In order to further improve
he energy density of lithium ion batteries to meet the need of

obile electrics devices, more and more interests are focused
n the layered LiMO2 (M = Ni, Co, Mn) cathode materials with
higher reversible capacity and lower cost [8–16]. Moreover,

ts thermal stability can be greatly improved by the addition of
n in the layered structure.

Ohzuku and Makimura [8] and Dahn and co-workers [9]

ave, respectively, reported a series of layered compounds based
n Ni–Mn oxides. These materials have a higher reversible
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apacity and good structural stability even charged to 4.6 V.
owever, the poor rate capability and lower tap density of

hese layered compounds are the main obstacles to be applied
s cathode materials in lithium ion batteries [13,14,17–20].
ur previous experimental results showed that the addition
f Co can greatly improve the rate capability of these layered
i–Ni–Mn–O cathode materials [16,21]. The lower tap density,
hich is another disadvantageous feature of these compounds,

an lead to low electrode density and ultimately to the low
olumetric energy density of practical lithium ion batteries.
any preparation techniques have been adopted to improve the

ap density of these compounds by preparing a high tap density
recursor with a large-size spherical particle and heightening
he sintering temperature [18–20,22]. Sun and co-workers [18]
repared the spherical LiNi1/3Co1/3Mn1/3O2 with a high density
y sintering LiOH·H2O and a spherical nickel, manganese and

obalt hydroxide precursor, which is produced by controlling the
o-precipitate conditions such as pH, concentration of NH4OH
nd stirring speed. And then, M. Yoshio and co-workers [19,20]
pplied carbonate co-precipitation to prepare a homogenous
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ples have linearly decreased with the increasing of Cr content
in LiNi0.35Co0.3−xCrxMn0.35O2 from 4.9 m2 g−1 for x = 0 to
1.8 m2 g−1 for x = 0.1. The reduction of the specific surface

Table 1
The calculated structure parameters for the synthesized materials
LiNi0.35Co0.3−xCrxMn0.35O2

Composition Lattice parameters c/a Volume (Å3)
378 Y. Sun et al. / Journal of Pow

ayered spherical LiNi1/3Co1/3Mn1/3O2 with a high tap density.
oreover, Dahn and co-workers have adopted a sintering

gent B2O3 to increase the density of LiNixCo1−2xMnxO2 and
tudied the effects of addition of a few weight percent of boron
xide on the preparation, structure, morphology, density and
lectrochemical behaviors of cathode materials [23].

In the previous experiments, we have mainly studied the Cr
ffects on the physical properties of the layered Li–Ni–Mn–O
aterials [24]. In this paper, we have adopted the doping Cr in

ayered Li–Ni–Co–Mn–O compounds to improve the physical
roperties especially the tap density and the electrochemical
erformance of LiNi0.35Co0.3−xCrxMn0.35O2.

. Experimental

LiOH·H2O (>98%, Wako), Ni(NO3)2·6H2O (>98%,
ldrich), Co(NO3)2·6H2O (>99%, Wako), Mn(NO3)2·6H2O

98%, Wako) and Cr(NO3)3·9H2O (>95%, Wako) were used as
he starting materials. A 1 M aqueous solution of the transition

etal nitrates, a 2 M LiOH aqueous solution and 1 M NH3·H2O
olutions were slowly dripped into a stirred reactor. The PH
alue was kept at 11 by adjusting the amount of LiOH aqueous
olution. This causes the precipitation of triple hydroxide of
r, Ni, Co and Mn with a homogeneous cation distribution.
he precipitate was filtered out and washed three times with
dditional distilled water to remove the residual LiOH and
he formed LiNO3. The precipitate was dried in air at 120 ◦C
vernight. A series of layered LiNi0.35Co0.3−xCrxMn0.35O2
ompounds were prepared by heating a mixture of LiOH·H2O
nd a co-precipitate of Cr, Ni, Co and Mn at 800 ◦C in air for
h.

Powder X-ray diffraction (XRD, Rint-1100, Rigaku, Japan)
easurement using Cu K� radiation was employed to iden-

ify the crystalline phase of the synthesized materials. XRD
ata were obtained (2θ = 15–70◦) with a step size of 0.02◦. The
s-prepared powders were observed using a scanning electron
icroscope (SEM, JSM 5200, JEOL, Japan) to get an under-

tanding of their morphology. The specific surface area of the
ample was measured by BET method (Micromeritics Flowsor-
III, SHIMADZU).

Pellet density (PD) was obtained by making 16 mm diameter
ellets with about 1.0 g of ground powder under the pressure of
0 MPa. The thickness and diameter of the pellet after pressing
as measured and the density was then calculated. This PD is
ell correlated with the achievable electrode density.
The charge/discharge tests were carried out using a CR2032

oin-type cell, which consists of a cathode and lithium metal
node separated by a Celgard 2400 porous polypropylene film.
he electrolyte was 1 M LiPF6 in a mixture of ethylene car-
onate (EC) and dimethyl carbonate (DMC) in a 1:1 vol-
me ratio. The cathodes were prepared by blending 20 mg

iNi0.35Co0.3−xCrxMn0.35O2 and 12 mg the conducting binder
f teflonized acetylene black (TAB-2). The mixture was pressed
nto a nickel screen and dried at 150 ◦C for 5 h in a vacuum state.
he cell was assembled in an argon-filled glove box and tested
sing a constant charge–discharge current density of 20 mA g−1.

L
L
L

ig. 1. XRD patterns of LiNi0.35Co0.3−xCrxMn0.35O2 with various Cr contents.

. Results and discussion

XRD diffraction patterns of LiNi0.35Co0.3−xCrxMn0.35O2
ith various Cr contents were recorded and shown in Fig. 1.
here are no impurity peaks for LiNi0.35Co0.3−xCrxMn0.35O2
ith x = 0, 0.05 and 0.1. All the diffraction lines of

hese samples can be indexed based on a hexagonal �-
aFeO2 structure (space group: R-3m, 166), indicating that
single phase is obtained. Table 1 indicated the calcu-

ated the structure parameters for the synthesized materials
iNi0.35Co0.3−xCrxMn0.35O2. With the increasing of Cr con-

ent, the lattice parameters a, c and V correspond to become
arge. Moreover, the colors of the prepared powders change
rom the brown-black of LiNi0.35Co0.3Mn0.35O2 to blue-dark of
iNi0.35Co0.20Cr0.1Mn0.35O2 with the increasing of Cr content.

Fig. 2 shows the SEM micrographs for LiNi0.35
o0.3−xCrxMn0.35O2 with various Cr contents. With the

ncreasing of Cr content, the grains of the powder sample
ecome gradually larger and larger. Moreover, the agglomera-
ion of the grains is more and more tightly, which is beneficial
o the improvement of tap density.

In order to further study the effects of Cr content on the phys-
cal properties of LiNi0.35Co0.3−xCrxMn0.35O2 cathode materi-
ls, we have measured their specific surface areas, indicated in
ig. 3. It is found that the specific surface areas of the sam-
a (Å) c (Å)

iNi0.35Co0.3Mn0.35O2 2.875 14.310 4.977 102.47
iNi0.35Co0.25Cr0.05Mn0.35O2 2.897 14.437 4.983 104.95
iNi0.35Co0.2Cr0.1Mn0.35O2 2.903 14.465 4.983 105.59
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Fig. 2. SEM micrographs for LiNi0.35C

reas is ascribed to the increasing of the grains and more tightly
gglomeration of the grains, as shown in Fig. 2. It is believed
hat the less specific surface area can reduce the contact area
etween the active particles and electrolyte, which can improve
he cycling performance and safety properties of cathode

aterials.
Fig. 3 also indicates the pellet density change of

iNi0.35Co0.3−xCrxMn0.35O2 with various Cr content. The PD
f the samples has lineally increased with the addition of Cr
n LiNi0.35Co0.3−xCrxMn0.35O2. For example, the PD value is
nly 2.3 g cm−3 for LiNi0.35Co0.3Mn0.35O2, but it increases to
.1 g cm−3 for LiNi0.35Co0.2Cr0.1Mn0.35O2. Generally speak-

ng, the PD is related with the size of grains and the agglomera-
ion of the grains. The growth of the grain size and the more
ight agglomeration of the primary particles could be found
ith the increasing of Cr content, as shown in Fig. 2, which

L
9
C
d

CrxMn0.35O2 with various Cr contents.

s beneficial to the improvement of its pellet density. More-
ver, we have measured the PD of LiMn0.35Co0.3Ni0.35O2 and
iMn0.5Ni0.5O2. Experimental results showed that the PD value

s only 2.4 g cm−3 for LiMn0.35Co0.3Ni0.35O2, approaching to
hat of LiMn0.5Ni0.5O2 (2.37 g cm−3), which means that the
ddition of Co in LiMn0.5Ni0.5O2 can not improve the den-
ity of the samples although it can greatly improve the rate
apability of LiMn0.5−xCo2xNi0.5−xO2 [21]. However, the dop-
ng of Cr can significantly improve the particle morphologies
nd density of the samples, which is beneficial to obtaining
high density electrode and the excellent processing charac-

eristics of electrode preparation. Generally speaking, layered

i–Ni–(Co)–Mn–O compounds were usually prepared at above
00 ◦C and the sintering time was over 10 h. If we added a little
r in a Li–Ni–(Co)–Mn–O compound, the sample with a high
ensity and pure layered structure can be obtained even at 800 ◦C
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ig. 3. The specific surface area (SSA) and the pellet density (PD) of
iNi0.35Co0.3−xCrxMn0.35O2 with various Cr contents.

nd 3 h of the sintering time. Therefore, the addition of Cr can
ignificantly lower the sintering temperature and sintering time.

Moreover, we have studied the effects of Cr contents on the
lectrochemical performance of LiNi0.35Co0.3−xCrxMn0.35O2
athode materials. Fig. 4 indicates the first charge and discharge
urves of LiNi0.35Co0.3−xCrxMn0.35O2 with the various Cr con-
ents in the voltage ranges of 2.5–4.5 V at room temperature. The
harge voltage of the sample has a decrease with the addition of
r. The discharge capacities of the samples gradually decrease

rom 187 mAh g−1 for x = 0 to 165 mAh g−1 for x = 0.1 with
he increasing of Cr content. However, the discharge capacity
f LiNi0.35Co0.25Cr0.05Mn0.35O2 still attains to 185 mAh g−1,
hich means that the addition of a little Cr has not obviously

ffected the discharge capacity of the samples. The first charge
nd discharge efficiency of the sample gradually drops from
0.8% for x = 0 to 87.7% for x = 0.1 with the increasing of Cr

ontent in LiNi0.35Co0.3−xCrxMn0.35O2.

Fig. 5 shows the cycling performance of LiNi0.35
o0.3−xCrxMn0.35O2 with various Cr contents in the voltage

anges of 2.5–4.5 V at room temperature. The Cr existence

ig. 4. The first charge and discharge curves of LiNi0.35Co0.3−xCrxMn0.35O2

ith various Cr contents.
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ig. 5. Showed the cycling performance of LiNi0.35Co0.3−xCrxMn0.35O2 with
arious Cr contents in the voltage ranges of 2.5–4.5 V at room temperature.

as caused the significant improvement of the cycling perfor-
ance for LiNi0.35Co0.3−xCrxMn0.35O2. The discharge capacity

f LiNi0.35Co0.3Mn0.35O2 gradually decreased with the incre-
ent of cycle number from 187 to 163 mAh g−1 after 30 cycles.
ut for LiNi0.35Co0.3−xCrxMn0.35O2 with x = 0.05 and 0.1, the
ischarge capacity of the samples decreases at the beginning, and
hen has some increases. After 15 cycles, the discharge capacity
eeps constant. In order to show the cycling performance of the
amples more clearly, the charge and discharge curves at vari-
us cycles are displayed in Fig. 6. For LiNi0.35Co0.3Mn0.35O2,
ts charge voltage gradually increases and the discharge voltage
lowly decreases with the increment of cycle number, which
eans that the electrode polarization become larger and larger.
ut for x = 0.05 and 0.1 in LiNi0.35Co0.3−xCrxMn0.35O2, the
olarization of electrode gradually increase at the initial 10
ycles, and then it begin to drop from the 10th cycle. After
0 cycles, the charge and discharge curves basically keep con-
tant. For LiNi0.35Co0.25Cr0.05Mn0.35O2, the charge and dis-
harge curves of the 20th and 30th cycles are almost overlapped.
herefore, the addition of Cr has greatly affected the cycling
erformance of LiNi0.35Co0.3−xCrxMn0.35O2 cathode materials
nd the reason is unknown.

Fig. 7 shows the cycling performance of LiNi0.35Co0.3−x

rxMn0.35O2 cathode materials in the voltage range of 2.5–4.8 V.
lthough the discharge capacity of LiNi0.35Co0.3Mn0.35O2

ttains to 213 mAh g−1, it decreases down to 148 mAh g−1

fter 25 cycles. However, the discharge capacity of
iNi0.35Co0.25Cr0.05Mn0.35O2 still reaches 172 mAh g−1

fter 25 cycles although its initial discharge capacity
s 203 mAh g−1, which is slightly lower than that of
iNi0.35Co0.3Mn0.35O2. With the increasing of Cr con-

ent, the cycling performance of LiNi0.35Co0.3−xCrxMn0.35O2
athode material continues to be improved while the reduction
f the initial discharge capacity becomes more obviously.

or LiNi0.35Co0.2Cr0.1Mn0.35O2, its initial discharge capacity
ecreases down to 179 mAh g−1 and the capacity retention
ttains to 97% from 2nd to 25th. Fig. 8 indicates the cycling per-
ormance of LiNi0.35Co0.25Cr0.05Mn0.35O2 cathode materials
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Fig. 6. The charge and discharge curves of LiNi0.35Co0.3−xCrxMn0.35O2 with various Cr contents. (A) x = 0; (B) x = 0.05; (C) x = 0.1.

Fig. 7. The cycling performance of LiNi0.35Co0.3−xCrxMn0.35O2 with various
Cr contents in the voltage range of 2.5–4.8 V.

Fig. 8. The cycling performance of LiNi0.35Co0.25Cr0.05Mn0.35O2 with the
charge and discharge voltage range from 2.5 to 4.3 V.
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t the charge and discharge voltage between 2.5 and 4.3 V. The
eversible capacity of the sample attains to 160 mAh g−1, higher
han that of LiCoO2 (about 150 mAh g−1). After 35 cycles, the
ischarge capacity is still 150 mAh g−1 and the retention of
apacity is 94%. The capacity loss has mainly occurred at the
tarting 5 cycles. In order to get the excellent electrochemical
erformance of the sample, the Cr content should be lower than
0 mol.% in LiNi0.35Co0.3−xCrxMn0.35O2.

Therefore, the above experimental results showed that the
oping of Cr and Co have different roles in improving the per-
ormance of layered Li–Ni–Mn–O compounds. It is believed
hat the addition of Cr and Co at the same time can not only
mprove the rate capability but also increase the density and
rocessing characteristics of prepared electrode [21]. A layered
iNi0.35Co0.25Cr0.05Mn0.35O2 compound is a promising cath-
de material for lithium ion batteries.

. Conclusions

Our experimental results revealed that the addition of Cr has
n important effect on the physical and electrochemical per-
ormance of LiNi0.35Co0.3−xCrxMn0.35O2. It has changed the
orphologies of particles and increased the sizes of grains.
oreover, the existence of Cr in LiNi0.35Co0.3−xCrxMn0.35O2

ecreases the specific surface of the samples and greatly
mproves the density of the powder. Electrochemical test indi-
ated that the addition of Cr can significantly improve the cycling
erformance of LiNi0.35Co0.3−xCrxMn0.35O2 although its initial
ischarge capacity has a little drop.
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