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bstract

Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 with x = 0, 0.05, 0.1 and 0.328 were synthesized by a solution method with subsequent quenching. The structures
ere investigated by X-ray diffraction (XRD), Rietveld refinement, electron diffraction and HRTEM. Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 0 and 0.05)
nd annealed Li[Li1/3Mn2/3]O2 were indexed based on the monoclinic structure, while Li1.2Cr0.4Mn0.4O2 was shown to be that of a nanocomposite.
i[Cr0.1Li0.29Mn0.602]O2 material formed based on the stoichiometry in between Li[Li1/3Mn2/3]O2 and Li[Cr0.328Li0.22Mn0.436]O2 showed both sides

eatures of the monoclinic and hexagonal structures in a nanocomposite structure and provided the lack of a developed anodic peak between 4.6
nd 4.9 V, a good reversible capacity of around 250 mAh/g in a discharge voltage range between 2.8 and 3.5 V.

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

LiMn2O4 suffers from capacity fading due to the dis-
olution of manganese [1] and Jahn–Teller distortion [2].
esides, layered LiMnO2 transforms into a spinel structure
uring the lithium insertion/extraction process, due to cation
igration [3]. In order to obtain compounds with prolonged

tructural integrities, derivative layered manganese oxides
4–8] and lithium-saturated solid solutions or nanocomposite
i2MnO3–LiMO2 [9–13] have been investigated which also
xhibit enhanced electrochemical performances.

Li1.2Cr0.4Mn0.4O2 shows relatively high capacity and cycling
tability [14]. During cycling, chromium is redoxed between the
ctahedral sites (3+ state) and tetrahedral sites (6+ state) [15],
hile manganese in the 4+ oxidation state is embedded in an
nert Li2MnO3-like framework which maintains the structural
tability. It is generally believed that Mn cannot be oxidized
eyond +4 in an octahedrally coordinated environment [16]. Lu
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nd Dahn reported the synthesis of Li[CrxLi(1−x)/3Mn2(1−x)/3]O2
0 ≤ x ≤ 1) materials by the sol–gel method with heat treat-
ent in an argon atmosphere [17]. When the amount of

hromium is less than 0.5, Cr3+ is embedded in layered
i[Li1/3Mn2/3]O2. Of the compounds which are formed in

his manner, Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 1/6) delivers
reversible capacity of about 230 mAh/g. Manganese-rich

i[NixLi(1−2x)/3Mn(2−x)/3]O2 (x ≤ 1/3) prepared by quench-
ng shows a slightly higher capacity and cycling stability
han a slowly cooled sample [18]. The quenching process
nhances the capacity and cyclability. Thackeray et al. classified
i1.2Cr0.4Mn0.4O2 as (0.4)Li2MnO3·(0.4)LiCrO2 and reported

he synthesis of composite xLi2MnO3·(1 − x)LiMn0.5Ni0.5O2
lectrodes which form nanocomposite Li2MnO3–LiMO2 struc-
ures with nanometer regions with Li2MnO3- and LiMO2-like
eatures, confirming the composite character of these materials
19].

The objective of the present work is to synthesize

i[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 0, 0.05, 0.1 and 0.328) using
solution method with a subsequent quenching process. In par-

icular, we focus on the characterization of the crystal structure
ith respect to the Cr:Mn ratio and electrochemical prop-
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Table 1
Inductively coupled plasma (ICP) analysis of washed Li[Li1/3Mn2/3]O2,
Li[Cr0.1Li0.3Mn0.6]O2, Li[Cr0.2Li0.266Mn0.533]O2 and Li[Cr0.4Li0.2Mn0.4]O2

Target stoichiometry Measured stoichiometry (Ref. O = 2)

Li Cr Mn O

Li[Li1/3Mn2/3]O2 1.335 – 0.665 2
Li[Cr0.1Li0.3Mn0.6]O2 1.32 0.05 0.63 2
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Fig. 1. X-ray diffraction patterns of: (a) slowly cooled Li[Li1/3Mn2/3]O2, (b)
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i[Cr0.2Li0.266Mn0.533]O2 1.29 0.1 0.602 2
i[Cr0.4Li0.2Mn0.4]O2 1.22 0.328 0.436 2

rties of Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (where x = 0, 0.05, 0.1
nd 0.328).

. Experimental

Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (where x = 0, 0.05, 0.1 and 0.328) materials
ere prepared by mixing appropriate molar ratios of chromium acetate, man-
anese acetate and lithium hydroxide. A 100 mL aqueous solution of LiOH·H2O
as slowly dripped into a 100 mL pre-dissolved solution of the transition-metal

cetates. Stirring was continued for 24 h to ensure a homogeneous reaction.
he solution was dried in air until it became a gel. The gel thus obtained
as heated initially in an oven at 110 ◦C for 6 h, and then ground and heated

t 600 ◦C for 3 h. Finally, the powders were fired at 900 ◦C for 12 h and
uenched using two copper plates. An annealed version of Li[Li1/3Mn2/3]O2

as prepared with a cooling rate of 5 ◦C/min, in order to compare it with
he quenched Li[Li1/3Mn2/3]O2 sample. The prepared samples were washed
ith distilled water to remove Li2CrO4 and then dried in a vacuum at 100 ◦C

20].
The elemental composition of the prepared cathode powders was determined

y inductively coupled plasma (ICP) analysis, using a Perkin-Elmer 4300 DV
nalyzer. The thermogravimetric analysis (TGA) of the precursor powder was
onducted on an SDT Q600 V8.0 Build 95 thermal analyzer at a heating rate
f 10 ◦C/min from room temperature to 900 ◦C in air. The crystallinity of the
owders was measured by X-ray diffraction (XRD) using a D/MAX Ultima III
iffractometer (Rigaku, Japan) with Cu K� radiation (λ = 1.54056 Å) and the
attice parameters were derived using the Rietveld method. A detailed analysis
f the crystallinity was conducted by examining the transmission electron micro-
cope (TEM) spot patterns, and TEM images were collected on a JEOL-JEM
000FX-II transmission electron microscope under an accelerating voltage of
00 KeV. High-resolution TEM images of the powers were collected on a Philips-
ecnai F20 transmission electron microscope. The morphology of the samples
as examined by field emission scanning electron microscopy (FESEM) using
Hitachi S4700 instrument.

The electrochemical performances of the prepared cathode materials were
ested in a battery tester system 2004. The cathode contained the active material,
nd tetra acetylene black as a conductor combined with a binder at a weight ratio
f 58:42. An electrolyte consisting of a 1 M solution of LiPF6 in ethylene car-
onate (EC) and dimethyl carbonate (DMC) (1:1, v/v) and the prepared cathode
ere assembled in an argon filled glove box. The cells were tested in the voltage

ange of 4.9–2.4 V.

. Results and discussion

Table 1 shows the inductively coupled plasma analy-
is results for the Li[Li1/3Mn2/3]O2, Li[Cr0.1Li0.3Mn0.6]O2,
i[Cr0.2Li0.266Mn0.533]O2 and Li[Cr0.4Li0.2Mn0.4]O2 powders.
ompared to that of the samples designed to act as the stoi-
hiometrically calculated target samples, the chromium content

n the washed Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 0.1, 0.2 and
.4) was decreased. In the thermogravimetric analysis, the
eight percent of Li[Cr0.4Li0.2Mn0.4]O2 increases between
50 and 650 ◦C, which means that the oxidation state of

a
t
c
T

i[Li1/3Mn2/3]O2, (c) Li[Cr0.1Li0.3Mn0.6]O2 and (d) Li[Cr0.2Li0.266Mn0.533]O2

hich adopt the stoichiometries of Li2MnO3, Li1.95Cr0.15Mn0.9O3 and
i1.9Cr0.3Mn0.8O3, respectively.

ome of the Cr ions is increased to 6+. Hence, Li2CrO4 is
asily generated in an air atmosphere. However, the genera-
ion of Li2CrO4 has not previously been reported in an inert
tmosphere, due to the insufficiency of the oxygen supply
6,16–17]. The decrease in the chromium content indicated
y the inductively coupled plasma results was confirmed by
he X-ray diffraction study which shows the Li2CrO4 peaks in
he unwashed Li[Cr0.4Li0.2Mn0.4]O2 disappeared in the washed
i[Cr0.4Li0.2Mn0.4]O2. This observation suggests that obtain-

ng the target stoichiometry is difficult in an air atmosphere, due
o the generation of Li2CrO4, and it is difficult to accurately
etermine the amount of chromium removed. Therefore, more
xtensive research is needed to reveal the mechanism by which
i2CrO4 is generated.

Fig. 1 shows the X-ray diffraction patterns of
i[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 0, 0.05 and 0.1) and the
nnealed Li[Li1/3Mn2/3]O2. According to the results from
ietveld refinement, all of the patterns correspond more
losely to a monoclinic structure with space group C2/C
han to a hexagonal structure, as determined by comparing
hem with the broadened superlattice peaks of the hexago-
al �-NaFeO2 structure shown in Fig. 2b. To confirm the
tructural differences between the annealed and quenched
i[Li1/3Mn2/3]O2, the lattice parameters were derived. The
easured values of the GOF for the annealed and quenched
i[Li1/3Mn2/3]O2, which indicates the proportion of coin-
idence, were 1.3 and 1.1, respectively. These data suggest
hat the annealed Li[Li1/3Mn2/3]O2 more closely coincided
ith a monoclinic structure than the quenched sample. The
alues of RB of 7.94 and 9.82, respectively, also support
hese results. According to Yoon et al., the use of a rapid
ooling rate restricts the diffusivities of cations such as
i and Mn at the order/disorder transition temperature of

pproximately 1000 K [21]. This observation suggests that
he quenched Li[Li1/3Mn2/3]O2 develops defects and poor
rystallinity more easily than the annealed Li[Li1/3Mn2/3]O2.
he defects of the quenched Li[Li1/3Mn2/3]O2 observed in the
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ig. 2. TEM electron diffraction pattern of monoclinic phase in [1 1 0] zone fro
owder and (d) rhombohedral phase in [1 2 0] zone from the Li[Cr0.4Li0.2Mn0.4

RTEM image and the electrochemical differences between
he annealed and quenched Li[Li1/3Mn2/3]O2 are discussed
elow.

Fig. 2a shows the electron diffraction pattern of the
onoclinic structure in the [1 1 0] zone obtained from the
i[Cr0.05Li0.32Mn0.63]O2 powder. Fig. 2b and c show the
lectron diffraction patterns of the monoclinic phase in the
1 1 0] zone obtained from the Li[Cr0.1Li0.29Mn0.6]O2 pow-
er and the slightly tilted Li[Cr0.1Li0.29Mn0.6]O2 powder,
espectively. Fig. 2d shows the electron diffraction pattern
f the hexagonal phase in the [1 2 0] zone obtained from the
i[Cr0.328Li0.22Mn0.436]O2 powder. It is well known that the
1 0 1] zone of the monoclinic structure coexists with the [1 1 1]
one of the hexagonal structure. These data suggest the possibil-
ty of making a nano district composite formed by the monoclinic
tructure of solid solution limits as Li2−x[Cr3xMn1−x]O3 and the

L
m
a
t

: (a) Li1.95Cr0.15Mn0.9O3, (b) Li1.9Cr0.3Mn0.8O3, (c) tilted Li1.9Cr0.3Mn0.8O3

owder calcined at 900 ◦C prior to cycling.

exagonal structure of the solid solution as Li[CrxMn(1−x)]O2.
owever, it is difficult to accurately determine the amount
f chromium in the solid solution, which cleaves from
he nano district composite. At a chromium amount of

ore than that of Li[Cr0.1Li0.29Mn0.6]O2, the property of a
anocomposite was observed. Hence, Li[Cr0.1Li0.29Mn0.6]O2
nd Li[Cr0.4Li0.2Mn0.4]O2 can be represented as
Li2−x′ [Cr3x′Mn1−x′ ]O3·(1 − x)Li[Crx′′Mn(1−x′′)]O2.

With regard to the amount of chromium, the formation
f either the solid solution or the nano district compos-
te was verified by examining the HRTEM images. Fig. 3
hows the HRTEM images of Li[Cr0.05Li0.32Mn0.63]O2 and

i[Cr0.328Li0.22Mn0.436]O2, respectively. Throughout the pri-
ary particles, Fig. 3a shows that the monoclinic (1 1 1) planes

re aligned. However, Fig. 3b shows that the (0 2 1) planes,
he (2 2 1) planes of the monoclinic structure and the (2 0 2)
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ig. 3. HRTEM images of: (a) Li1.95Cr0.15Mn0.9O3 and (b) Li[Cr0.4Li0.2Mn0.4

lanes of the hexagonal structure are concurrently aligned and
onform to the nano domain in the primary particles. These fig-
res reveal that, above a certain critical amount of chromium,
i[CrxLi(1−x)/3Mn2(1−x)/3]O2 were made by nanocomposite. As

hown in Fig. 3a and b, distorted and defected lattices are shown
n both structures. In particular, many defects are observed in
i[Cr0.328Li0.22Mn0.436]O2 due to the removal of Li2CrO4 and

he quenching effect.

M
M
c
i

ig. 4. Scanning electron micrograph (SEM) images of: (a) slow cooled Li2MnO3, (
hich both adopt the stoichiometry of xLi2−y[Cr3yMn1−y]O3·(1 − x)LiCrO2.

The morphologies of Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 0,
.05, 0.1 and 0.328) and the annealed Li[Li1/3Mn2/3]O2 are
hown in Fig. 4. The average crystal size of the annealed
i[Li1/3Mn2/3]O2, quenched Li2MnO3, Li[Cr0.05Li0.32

n0.63]O2, Li[Cr0.1Li0.29Mn0.6]O2 and Li[Cr0.328Li0.22
n0.436]O2 are 1, 0.7, 0.35, 0.4 and 0.25 �m, respectively. By

omparing Fig. 4a with b, it can be seen that the quenching
ncreases the roughness of the particle surface and decreases

b) quenched Li2MnO3, (c) Li1.95Cr0.15Mn0.9O3 and (d) Li1.9Cr0.3Mn0.8O3.
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ig. 5. Discharge curves of: (a) slow cooled Li2MnO3, (b) quenched Li2MnO3,
c) Li1.95Cr0.15Mn0.9O3, (d) Li1.9Cr0.3Mn0.8O3 and (e) Li[Cr0.4Li0.2Mn0.4]O2.

he particle size. Increasing the Cr content causes a decrease in
he particle size and enhances the uniformity of the particles.

Fig. 5 shows the discharge curves of the quenched
i[Li1/3Mn2/3]O2, Li[Cr0.05Li0.32Mn0.63]O2, Li[Cr0.1Li0.29
n0.6]O2, Li[Cr0.328Li0.22Mn0.436]O2 and annealed

i[Li1/3Mn2/3]O2 cells cycled between 2.4 and 4.9 V with a
urrent density of 11.98 mA/g. In general, Li[Li1/3Mn2/3]O2
s believed to be an inactive material, because the Mn4+

on in Li[Li1/3Mn2/3]O2 cannot be oxidized beyond the +4
xidation state in order to extract Li. However, the inactive
i[Li1/3Mn2/3]O2 could be activated by using acid treatment

22] or by charging it to a high potential [23]. The discharge
urve of the annealed Li[Li1/3Mn2/3]O2 in Fig. 5a shows
he electrochemical properties which result from charging
o a high potential. The discharge curve of the quenched
i[Li1/3Mn2/3]O2 in Fig. 5b shows that its capacity is greater

han that of the annealed Li[Li1/3Mn2/3]O2. The extended
apacity of Li[Li1/3Mn2/3]O2 was attributed to the presence
f defects and the poorly developed crystallinity, as veri-
ed by the Rietveld refinement and HRTEM imaging. In
hort, Li[Cr0.1Li0.29Mn0.602]O2 situated between monoclinic
i[Li1/3Mn2/3]O2 and layered Li[Cr0.328Li0.22Mn0.436]O2
rovides both sides features such as the lack of a developed
nodic peak between 4.6 and 4.9 V, good reversible capacity of
round 250 mAhg−1 and a discharge voltage range between 2.8
nd 3.5 V. The discharge curve of Li[Cr0.328Li0.22Mn0.436]O2
hown in Fig. 5e demonstrates that it has relatively good
eversible capacity. The discharge voltage range was distributed

etween 3.2 and 4.0 V and the peak with increasing intensity at
round 3.2 V was not observed, which distinguished this cell
rom the Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 0, 0.05) cells. Com-
ared to the reversible capacity of Li[Cr0.328Li0.22Mn0.436]O2,

[
[
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he reversible capacity of Li[Cr0.1Li0.29Mn0.6]O2, is slightly
ecreased, due to the increase in the amount of inactive LiCrO2
n the solid solution of Li[CrxMn(1−x)]O2. The present study
as limited to observing the electrochemical tendency as a

unction of the chromium content. Therefore, more detailed
lectron state studies of Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 cells
uring cycling are needed, in order to reveal the precise
harge/discharge mechanism.

. Conclusions

Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 with x = 0, 0.05, 0.1 and
.328 were synthesized by a solution method and sub-
equent quenching process. However, obtaining the
arget stoichiometry is difficult, due to the generation
f Li2CrO4. Li[CrxLi(1−x)/3Mn2(1−x)/3]O2 (x = 0 and
.05) were indexed based on the monoclinic structure
nd Li[Cr0.328Li0.22Mn0.436]O2 was indexed based on
he rhombohedral structure. According to the HRTEM
mages, Li[Cr0.328Li0.22Mn0.436]O2 is composed of a nano
istrict composite with a monoclinic structure of solid
olution limits as Li2−x[Cr3xMn1−x]O3 and a hexag-
nal structure of solid solution as Li[CrxMn(1−x)]O2.
ence, Li[Cr0.328Li0.22Mn0.436]O2 can be represented as

Li2−x′ [Cr3x′Mn1−x′ ]O3·(1 − x)Li[Crx′′Mn(1−x′′)]O2. However,
t is difficult to determine the exact amount of chromium in the
olid solution, which cleaves from the nano district composite.
i[Cr0.1Li0.29Mn0.6]O2 and Li[Cr0.328Li0.22Mn0.436]O2 pro-
ide good reversible capacities of around 250 and 180 mAh/g,
espectively. As compared to the reversible capacity of
i[Cr0.4Li0.2Mn0.4]O2, that of Li1.9Cr0.3Mn0.8O3 is slightly
ecreased, due to the increase in the amount of inactive LiCrO2
n the solid solution of Li[CrxMn(1−x)]O2.
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