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bstract

Prospective positive-electrode (cathode) materials for a lithium secondary battery, viz., Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0, 0.02, 0.04, 0.06,
.08), were synthesized using a solid-state pyrolysis method. The structural and electrochemical properties were examined by means of X-ray
iffraction, cyclic voltammetry, SEM and charge–discharge tests. The results demonstrated that the powders maintain the �-NaFeO2-type layered

tructure regardless of the chromium content in the range x ≤ 0.08. The Cr doping of x = 0.04 showed improved capacity and rate capability
omparing to undoped Li[Li0.2Ni0.2Mn0.6]O2. ac impedance measurement showed that Cr-doped electrode has the lower impedance value during
ycling. It is considered that the higher capacity and superior rate capability of Cr-doping samples would be ascribed to the reduced resistance of
he electrode during cycling.

2007 Elsevier B.V. All rights reserved.
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. Introduction

During the past decade, lithium manganese oxides have
een extensively studied as an alternative to LiCoO2, which
s the state-of-the-art positive electrode material in commer-
ial lithium ion battery systems, due to the relative lower
ost and toxicity of Mn compared to Co [1–9]. The draw-
ack of layered Li–Mn oxides is the capacity decay due to the
hase transformation of the layered structure to a spinel struc-
ure by Jahn–Teller distortion during charge–discharge cycles
10,11]. To solve this problem, a number of research groups
ave tried to stabilize the layered structure by introducing a
iMO2 (M = Ni, Co, Cr) phase into the layered Li2MnO3 to

orm a solid solution of mixed transition-metal oxides [12–16].

mong the solid solutions being developed, the layered com-
ounds of Li[Li(1−2x)/3NixMn(2−x)/3]O2 seem to be a very
romising candidate as a cathodic material for the new genera-
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ion of Li-ion batteries due to their thermal stability and good
lectrochemical performances. Lu and Dahn [8,17] found that
i[Li(1−2x)/3NixMn(2−x)/3]O2 (x = 1/6, 1/4, 1/3, 5/12) samples
isplayed a plateau at about 4.5 V versus lithium metal during
he first charge, which was believed to correspond to oxygen loss
oncomitant with Li extraction. Subsequent to this plateau, the
aterials can reversibly cycle over 225 mAh g−1 between 2.0

nd 4.6 V [8]. This means that this compound can be used as a
athode material for high capacity lithium secondary batteries.
owever, this material has to overcome low rate capability and

mprove thermal stability for a commercial use.
One approach to improve the electrochemical performance is

o substitute a small amount of dopant ion at the transition metal
ites. Kim et al. have reported increased electrical conductivity
y doping Co in Li[Li(1−2x)/3NixMn(2−x)/3]O2 [18]. However,
o the best of our knowledge, no studies on the electrochemical
erformance of electrode-active materials doped by chromium

ave been published.

In this study, we employed Cr as an additional dopant to syn-
hesize a series of Cr-doped Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2
x = 0, 0.02, 0.04, 0.06, 0.08) powders. The structural, mor-
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under abnormal abuse conditions such as overcharge or at ele-
vated temperature [27]. So the particle size must be optimized
between the performance and safety problems of the batteries.
The SEM images of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0,

Table 1
Lattice parameters of the materials in different Cr-doped contents

Samples a (Å) c (Å) c/a

x = 0 2.8688(6) 14.2595(2) 4.971
L.F. Jiao et al. / Journal of Po

hological and electrochemical performances of Li[Li0.2
i0.2−x/2Mn0.6−x/2Crx]O2 powders were studied in this paper.

. Experimental

.1. Synthesis of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0,

.02, 0.04, 0.06, 0.08) powders

To prepare the Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0, 0.02,
.04, 0.06, 0.08) powders, we used stoichiometric LiCH3
OO·2H2O, Ni(CH3COO)2·4H2O, Mn (CH3COO)2·4H2O,
r(NO3)3·9H2O as the starting materials. These reagents were
ixed and thoroughly ground. The mixtures were heated at

20 ◦C for 48 h to obtain the precursors. Precursors were thor-
ughly ground again and calcined at 800 ◦C for 20 h in air,
espectively.

.2. Measurements

X-ray diffraction measurements of the as-prepared Li[Li0.2
i0.2−x/2Mn0.6−x/2Crx]O2 materials were carried out using X-

ay diffraction (D/Max-2500) with Cu K� radiation at room
emperature. Particle morphology of the powders after calcina-
ion was observed using a scanning electron microscope (SEM,
SM 6400, JEOL, Japan). The composite positive electrodes
ere prepared by pressing a mixture of the active materials,

onductive material (acetylene black) and binder (PTFE) in a
eight ratio of 85/10/5. The Li metal was used as the counter and

eference electrodes. The electrolyte was 1M LiPF6 in a 6/3/1
volume ratio) mixture of dimethyl carbonate (DMC), ethylene
arbonate (EC), and di-ethylene carbonate (DEC). The cells
ere assembled in an argon-filled dried box. Charge–discharge

ests were performed between 2.5 and 4.8 V. Cyclic voltammetry
xperiments were performed by using a CHI660 Electrochem-
cal Workstation at a scan rate of 1 mV s−1. ac impedance
easurements were carried out using CHI-604A, the frequency

ange was 0.001 Hz to 100 kHz. All tests were performed at room
emperature.

. Results and discussion

The XRD patterns of the Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2
x = 0, 0.02, 0.04, 0.06, 0.08) materials are shown in Fig. 1. All
f the diffraction peaks could be indexed based on a hexagonal
-NaFeO2 structure with a space group of R-3m, in which lay-
rs of lithium atoms alternate with layers containing mixtures
f lithium, nickel, chromium and manganese atoms indicating
hase pure and a single-phase layered crystal structure. The
eaks between 20◦ and 25◦ are caused by superlattice order-
ng of the Li, Ni, Cr, and Mn in the 3a site, indicating a layered
tructure with Li2MnO3 character [18–20]. All peaks are sharp
nd well defined, suggesting that compounds are generally well
rystallized. It implies that the chromium substitution for man-

anese, nickel in Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 compounds
as not changed the bulk structure of the pristine material.

Table 1 shows the variation in lattice constants, a and
, and c/a ratio of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0,

x
x
x
x

ig. 1. X-ray diffraction patterns of the Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 pow-
ers: (a) x = 0, (b) x = 0.02, (c) x = 0.04, (d) x = 0.06 and (e) x = 0.08.

.02, 0.04, 0.06, 0.08) calculated by the Rietveld refine-
ent from the XRD data. As the Cr content, x, increases

n Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2, lattice constants a and c
ecrease. It is likely that the decrease in lattice constants is
ttributed to the substitution of smaller Cr3+(rCr3+ = 0.615 Å)
on for Ni2 + (rNi2+ = 0.69 Å) and Mn4+(rMn4+ = 0.60 Å) ions.
he substitution of manganese and nickel by chromium should

esult in shrinkage of the unit-cell volume, and the decrease in
ell volume should increase the stability of the structure during
ntercalation and de-intercalation of lithium [21–24].

On the other hand, Table 1 also shows that the c/a ratio
ncreases as x value increases. The ratio of c/a is usually used as
he measurement of hexagonality for layered materials. When
he ratio is greater than 4.9, it is assumed that the material pos-
esses layered characteristics. Higher amount of Cr substitution
or Ni and Mn showed more layer-like structure, which means
hat good electrochemical performance can be expected.

The particle morphology, particle size and particle size dis-
ribution of cathode materials are of great importance to the
erformance of battery. Cathode materials with small parti-
les tend to have high initial capacity and low cycle stability
25,26]. The uniform particle size distribution leads to the uni-
orm depth of charge (DOC) of each particle, which increases
he utilization of the material to enhance the overall battery per-
ormance. On the other hand, the smaller particle size means

larger active area to the decomposition of the electrolyte
= 0.02 2.8642(3) 14.2575(1) 4.978
= 0.04 2.8586(6) 14.2511(3) 4.985
= 0.06 2.8514(2) 14.2452(3) 4.996
= 0.08 2.8483(3) 14.2365(5) 4.998



180 L.F. Jiao et al. / Journal of Power Sources 167 (2007) 178–184

ples

0
t
t
i
T
w
s
o
a
x
t
S
c
c

m
d
L
a
f

L
c
a

Fig. 2. SEM images of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 sam

.02, 0.04, 0.06, 0.08) are shown in Fig. 2. The analyses reveal
hat all powders consist of well-crystallized particles and have
he similar morphology. It suggests that Cr is well permeated
nto the bare Li[Li0.2Ni0.2Mn0.6]O2 forming a solid solution.
he average particle size of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2
ith x = 0 is more than 10 �m. With Cr-doping, the particles

hrink slightly due to the smaller ionic radius of Cr3+. On the
ther hand, It is evident that the presence spherical grains of
n independent nature are obtained up to a dopant level of
= 0.04. The particles of the material with less chromium con-
ent exhibit a regular shape with well-developed crystal faces.
lightly agglomerated particles are formed at higher dopant con-
entrations (x = 0.06, 0.08), which means the electrochemical
apability might descend distinctly [28].

T
∼
t
i

: (a) x = 0, (b) x = 0.02, x = 0.04, (d) x = 0.06 and (e) x = 0.08.

From above discussion, it is believed that the lower Cr doping
akes the particle size smaller and more uniform, and pro-

uces more independent particles. The features of Cr-doped
i[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 with x = 0.02 and 0.04 powder
re very desirable to be employed as electrode-active material
or lithium rechargeable battery.

Fig. 3 shows the charge–discharge curves for the
i[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0, 0.02, 0.04, 0.06, 0.08)
ells between 2.5 and 4.8 V at a current density of 20 mA g−1

t room temperature. During the first charge of the cells,

he Li[Li0.2Ni0.2Mn0.6]O2 electrodes showed a capacity of
110 mAh g−1 up to about 4.5 V where the slope ends. In

his region, the oxidation of Ni ions contributes to the capac-
ty [29]. Above 4. 5 V, all samples showed long plateau, and
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Fig. 3. The charge–discharge curves of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 cells
at a rate of 20 mA g−1 between 2.5 and 4.8 V: (a) x = 0, (b) x = 0.02, (c) x = 0.04,
(d) x = 0.06 and (e) x = 0.08.
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Table 2
Charge–discharge data for Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 cathode materials at a co

Samples First cycle, Qdischarge

(mAh g−1)
First cycle, Qdischarge

(mAh g−1)

x = 0 403 225
x = 0.02 319 232
x = 0.04 309 246
x = 0.06 350 256
x = 0.08 356 261
ources 167 (2007) 178–184 181

t is irreversible at following cycles. Recent study suggested
hat the irreversible capacity of the plateau at about 4.5 V
s related to the oxygen loss during the first charging [29].
he Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 electrodes with x = 0,
.02, and 0.04 delivered discharge capacities of 225, 232, and
46 mAh g−1 initially, and showed excellent capacity retention
fter 50 cycles. However, the higher level of Cr doping (x = 0.06,
.08) led to the capacity fading comparing to the undoped or Cr
oped with lower levels (x = 0.02, 0.04).

A part of charge–discharge data for Li[Li0.2Ni0.2−x/2
n0.6−x/2Crx]O2 materials are provided in Table 2. It can be

een that the initial specific charge capacity decreased and initial
pecific discharge capacity increased after doping chromium.
o the coulombic efficiency of the Cr-doped electrodes was evi-
ently greater than that of pristine material. The highest initial
ischarge capacity of 261 mAh g−1 was obtained by the sam-
le with x = 0.08. As the chromium doping content decreased
rom x = 0.06 to 0.02, the initial discharge capacity decreased
rom 256 to 232 mAh g−1 accordingly. Although the materi-
ls with x = 0.08 and 0.06 cells delivered the higher initial
apacity, they showed a rapidly decline within a few num-
er of cycles. For example, the discharge capacity after 50
ycles was 207 mAh g−1with almost 21% loss of capacity for
he sample with x = 0.08 (showed in Table 2). While the samples
ith x = 0.02 and 0.04 exhibited slightly lower initial discharge

apacity, they had excellent cyclic performance with 7% and
% loss of capacity after 50 cycles, respectively. Indeed, the
i[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 cell with x = 0.04 gave a dis-
harge capacity of around 235 mAh g−1 after 50 cycles, slightly
igher than the first discharge capacity of pristine material.

The increase of specific capacity can be attributed to the
eason that doping chromium could increase the amount of elec-
rochemical active component in doped materials. Therefore, the
ew approach of substituting trivalent chromium ions formed a
igid structure, a regular shape with well-developed crystal faces
nd result in excellent electrochemical performance.

In order to investigate the effect of Cr doping on the rate
apability, Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0, 0.02, 0.04,
.06, 0.08) cells were cycled between 2.5 and 4.8 V at var-
ous current densities in Fig. 4. The cycle life curves for
i[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 cathode materials recorded at
.1 C (20 mA g−1) current rate for one to five cycles, 0.2 C
40 mA g−1) current rate for 6–10 cycles, 0.4 C (80 mA g−1)

urrent rate for 11–15 cycles, 0.8 C (160 mA g−1) current
ate for 16–20 cycles, 1.5 C (300 mA g−1) current rate for
1–25 cycles. It can be seen that relatively high discharge
apacities of 240–261 mAh g−1 were shown at the current den-

nstant current density of 20 mA g−1 between 2.5 and 4.8 V at room temperature

Loss (%) Fiftieth cycle,
Qdischarge (mAh g−1)

Capacity
retention (%)

44 205 91
27 218 93
21 235 96
27 218 85
26 207 79
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ig. 4. The capacity retention of undoped and all Cr-doped cells during cycling
t various rates in the voltage range of 2.5–4.8 V at room temperature.

ity of 0.1 and 0.2 C for x = 0.06, 0.08. By applying higher
urrent density of 0.8 and 1.5 C, the discharge capacities
ere abruptly decreased, showing fast capacity fading dur-

ng cycling. On the contrary, the samples with x = 0.02 and
.04 showed higher capacity with improved cyclability at high
ischarge rate, though they exhibited lower capacity at the
urrent rate of 0.1 and 0.2 C. When the cells were cycled at
current density of 1.5 C, Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2
ith x = 0.04 cell still exhibited higher discharge capacity
f 192 mAh g−1. From this result, we speculated that 4% is
he ideal amount of Cr doping for the high-rate capacity of
i[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2. Recently, Hideyuki Noguchi
t al. reported that the a small amount of additional Cr in
iMn0.5−xCr2xNi0.5−xO2 can improve the cycling performance
ut have no positive effects on the rate capability of the sample,
hey believe the charge transference and lithium ion diffusion
uring the charge and discharge process are believed to be more
actors for the rate capability of the cathode materials [30]. In our
tudy, the cycling performance and rate capability of samples
ere improved by a small amount of Cr doping. The electro-

hemical performance of the samples with higher Cr content
howed higher discharge capacity and not as good cycling per-
ormance because of the structure, which was agreed well with
he SEM results in Fig. 2. It can be concluded that the amount
f doped chromium can exert significant influence on the struc-
ure of these samples which could affect the electrochemical
erformance. More studies are being processed to investigate
he effects of Cr content on the electrochemical performance of
ayered Li[Li0.2Ni0.2Mn0.6]O2 compound system deeply.

Cyclic voltammetry is a well-suited and complementary
echnique to evaluate the cathodic performance and electrode
inetics of oxides [31,32]. In order to further understand the
ffects of Cr doping on the electrochemical properties of
i[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2, cyclic voltammetry was car-

ied out with Li metal as the counter and reference electrode, in
he range 2.5–4.8 V at room temperature, at a scan rate 1 mV s−1.
he CV of the typical samples Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2

x = 0, 0.04, 0.08) up to 30 cycles are shown in Fig. 5.
As shown, for Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 with x = 0
nd 0.04, there is an appearance of one anodic peak centered
t about 4.3 V on charge process, and corresponding reduction
eak is seen at 3.8 V on discharge. According to the previous
ssignments of the CV features [8,16], the anodic peak at about

t
p
d
p

ig. 5. Cyclic voltammogram of the Li/Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0,
.04, 0.08) cells in the 2.5–4.8 V range at the scan rate of 1 mV s−1.

.3 V and cathodic peak at 3.8 V are due to the oxidation of
i2+ to Ni4+ and the subsequent reduction of Ni4+ in the solid
hase. It is noted that there was a small reduction peak near 3.2 V
hen x = 0.04, resulting from several reduction of Mn4+ into
n3+ appeared in the samples. This observation indicates that
r substitution induces some structural ordering or a reduction
f stacking faults during the first Li de-intercalation [19,33].
or x = 0.08, the intensity of this peak is greater than that of
he peak at about 3.8 V. It is suggested that several structural
hase transitions in the host lattice may happen by over much Cr
oping, which may result in the deterioration of electrochemical
erformances.
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ig. 6. Impedance spectra of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0, 0.04)
ells at: (a) charged to 4.8 V and (b) discharged to 2.5 V after 50 cycles.

As can be seen clearly from Fig. 5a, with cycling, the CV
eaks became less sharp and the polarization (voltage differ-
nce between the charge and discharge curves) increased with
ncreasing cycle number. Moreover, the peaks current for the
ycled electrode was lower than that for the fresh one, it means
hat the structural degradation of the electrode leads to a capacity
ading. On the contrary, Fig. 5b illustrates well the reversibility
f the material with x = 0.04 upon de-intercalation and interca-
ation of lithium-ions over the potential range, the polarization
ffect is very small compared to the material with x = 0, and the
egligible decrease in peak height with cycling is in agreement
ith the quite small loss in capacity shown by the cycling per-

ormance presented in Table 2. For x = 0.08, the peak became
road and the area under the peak deceased after 30 cycles,
his voltammogram clearly reveals a large capacity fading of
lectrode.

For the Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0, 0.04) elec-
rodes, ac impedance was measured to explore the difference in
ycling characteristics. Fig. 6a and b illustrates the impedance
pectra at fully charged and discharged state, respectively, at the

0th cycle. The impedance spectra consist of two semicircles in
igh and intermediate-frequency ranges and a line inclined at
onstant angle to the real axis in the low-frequency range. The
wo semicircles in the higher and intermediate frequency range

A

(

ources 167 (2007) 178–184 183

ight due to the contact resistance at the composite cathode
nd the charge transfer reaction at the interface of the cath-
de/electrolyte, and the inclined line in the lower frequency
ange is attributed to Warburg impedance that is associated with
ithium ion diffusion through the cathode. As observed in Fig. 6b,
he resistance of Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 with x = 0.04
s much smaller than that of the undoped electrode. The dif-
erence of Rct between charge and discharge was about 3 �

or the Cr-doped electrode, whereas that of undoped one was
3 �. The great decrease of Rct between charge and discharge is
onsidered to be the effect of Cr, resulting in the improvement
f the electric conductivity. This agrees well with the result in
ig. 3.

. Conclusion

Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 (x = 0, 0.02, 0.04, 0.06,
.08) materials have been synthesized using solid-state pyrol-
sis method. The effect of chromium doping on the structure
nd electrochemistry was investigated. By increasing Cr-doping
mount in Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2, the calculated lat-
ice based on R-3m space group decreased, and the ratio of c/a
ncreased monotonously. Furthermore, the gradual increase in
he c/a ratio means that Cr doping resulted in much layer-like
tructure. These indicated that Ni and Mn were well replaced
y Cr, and the solid solution was successfully formed. From the
lectrochemical charge–discharge and rate capability tests, the
ifference in various amount of doping chromium resulted in dif-
erent morphology (shape and particle size) and thereby different
nitial discharge capacity and the rate capability. Among those
lectrodes, simple with x = 0.08 shows the highest first discharge
apacity of 261 mAh g−1, but it also represented an accelerated
eterioration with cycling while the Cr-doped electrode with
ow Cr content showed excellent cycling behavior especially
t higher current density. From ac impedance measurements, it
as clearly found that Cr replacement brought about decrease in

esistance during cycling. It is considered that the higher capac-
ty and superior rate capability of Cr-doping sample, especially
or the sample Li[Li0.2Ni0.2−x/2Mn0.6−x/2Crx]O2 with x = 0.04,
ould be ascribed from the reduced resistance of the electrode
uring cycling. Therefore, Cr-doping was potentially attractive
o electrochemical application since Cr-doped has advantages
uch as higher intercalation voltage, higher rate capability, and
ower cost. However, the method also has some disadvantages
uch as repeatability of the whole examination is not as good
s some other methods [34–37] because the raw materials can-
ot be blend thoroughly well-proportioned by using mortar and
estle. Further studies to optimize composition and processing
onditions are necessary to achieve improved properties; such
tudies are being carried out for high-power and high energy
pplications.
cknowledgements
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