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bstract

The insertion/removal processes of lithium ion in chromium doped spinel lithium manganese oxide (LiCrxMn2−xO4) were studied with electro-
hemical impedance spectroscopy (EIS) on a powder microelectrode, as well as X-ray diffraction (XRD) and cyclic voltammetry (CV), and was
ompared with those of pure spinel lithium manganese oxide (LiMn2O4). The insertion/removal process of lithium ion in the spinel oxides consists
f three steps: charge transfer of lithium ion on the surface of the spinel oxides, diffusion and occupation of lithium ion in the lattice of the spinel
xide. The doping of chromium in spinel lithium manganese oxide results in the increase of the charge transfer resistance and the double layer
apacitance for lithium insertion or removal and the decrease of the diffusion coefficient of lithium ion in the lattice of spinel oxide. However, the

nsertion capacitance, a parameter reflecting the occupation of lithium ion in the lattice of the spinel oxide, is hardly influenced by the doping of
hromium. The influence of the doped chromium on the kinetic process of lithium insertion/removal in spinel lithium manganese oxide is related
o the contraction of spinel lattice due to the doping.

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

Manganese oxides are useful cathode materials of primary
nd secondary materials, because they are less toxic and abun-
ant in nature [1,2]. The most important manganese oxide is
pinel lithium manganese oxide, LiMn2O4, used as the cathode
aterials for lithium ion battery, which is easy to prepare and

as high capacity density [3–5]. However, its application is lim-
ted by its instability due to Jahn–Teller effect and dissolution
f manganese into electrolyte during cycling of charging and
ischarge [6–8]. The problem can be solved to a great extent
y substitution of other elements such as chromium, cobalt and
ickel for a small fraction of manganese atoms in spinel lattice
9–15]. Much work has been done on preparation, structure and
yclic stability of doped spinel lithium manganese oxides, but
ess knowledge is available on the effect of doped elements on
he kinetics of lithium insertion and removal in the spinel oxide,

hich is essential for the understanding of stability improve-
ent and for the better application of doped lithium manganese

xide.

∗ Corresponding author. Tel.: +86 20 39310256; fax: +86 20 39310256.
E-mail address: liwsh@scnu.edu.cn (W.S. Li).

s
a
c
c
s
h
t

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.06.120
g; Chromium

In this work, spinel lithium manganese oxides with and with-
ut the doping of chromium are synthesized by sol–gel method,
hen their crystal structure and cyclic stability are characterized
ith X-ray diffraction (XRD) and cyclic voltammetry (CV), at

ast the kinetic process of lithium ion in the prepared samples
re studied on a powder microelectrode with electrochemical
mpedance spectroscopy.

. Experimental

Three samples, LiMn2O4, LiCr0.16Mn1.84O4 and LiCr0.25
n1.75O4, were synthesized by sol–gel method with CH3COO-

i·2H2O, Mn(CH3COO)2, Cr(NO3)3·9H2O, and (C6H8

7·7H2O) in the ratios of 1:2:0:3, 1:1.84:0.16:3 and 1:1.75:
.25:3, respectively. Aqueous solution with CH3COOLi·2H2O
nd Cr(NO3)3·9H2O was added into Mn(CH3COO)2 saturated
olution under stirring. Then (C6H8O7·7H2O) solution was
dded to obtain a mixture solution with lithium, manganese and
hromium. The mixture solution was mediated with aqueous

oncentrated NH3 solution to pH 6.3 and kept at 80 ◦C under
tirring till a dry precursor was obtained. The precursor was
eated to 500 ◦C with 1 ◦C min−1 and kept at 500 ◦C for 12 h
o remove organic compounds and then heated to 750 ◦C with

mailto:liwsh@scnu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.06.120
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To understand the cyclic stability of the doped lithium man-
ganese oxide, cyclic voltammograms of three samples were

Table 1
Cell parameters of spinel samples with and without doping

3

R.H. Zeng et al. / Journal of P

◦C min−1 and kept at 750 ◦C for 72 h to obtain the samples.
ll the chemicals were analytic grade.
XRD was conducted on a D/MAX-3A/Rigaku diffractor with

u K� radiation of 30 kV, 30 mA at 12◦ min−1. The cell constant
of the spinel oxide was obtained with

= d

(h2 + k2 + l2)−0.5 (1)

here h, k and l are the indexes of crystal place and d the distance
etween crystal planes. The volume of the spinel cell V was
btained with

= a3 (2)

The length R (Å) of Mn–O and Mn–Mn was obtained with

Mn–Mn = 20.5a

4
(3)

Mn–O = a(3u2 − 2u + 0.375)
0.5

(4)

here u is the position constant of oxygen in the spinel lattice
nd equal to 0.265.

Electrochemical experiments were performed with PGSTAT-
0 (Autolab) in a two-electrode cell with powder microelectrode
s the working electrode and metal lithium as the counter elec-
rode and the reference electrode. The electrolyte was 1 M
iPF6-EC + EMC + DMC (mEC:mEMC:mDMC = 1:1:1, Merck).
he electrolyte cell was set up in a glove box under argon
tmosphere. The powder microelectrode was prepared as fol-
ows [16,17]. A platinum (99.995% Pt) wire with a diameter
f 100 �m was sealed in a glass tube to obtain a platinum
icrodisk electrode. The microdisk electrode was etched in a
ixed concentrated acid solution for 30 min to obtain a micro-

avity electrode. The cavity electrode was ground on a glass
late with the mixture powder of sample and graphite (1:1 in
t.) to obtain the powder microelectrode.

. Results and discussion

Fig. 1 shows the XRD pattern of three samples. It can be
ound that the diffractions of three samples are characteristic
f spinel crystal structure, in which lithium ions occupy the
6a positions of tetrahedra, manganese ions (Mn3+ and Mn4+)
ccupy the 16d positions of octahedra and oxygen ions occupy
he 32e positions, the vertices of tetrahedral and octahedra. The
ame diffractions of spinel structure for the samples with and
ithout doping indicate that the doped chromium has entered

he lattice of 16d positions to replace manganese.
The cell parameters calculated with Eqs. (1)–(4) based on the

iffraction peak of Fig. 1 are listed in Table 1. It can be seen from
able 1 that the cell constant, the volume and the bond length of
pinel lithium manganese oxide become small due to the doping

f chromium and become smaller as the chromium contents
ncrease, indicating that spinel cell of lithium manganese oxide
as contracted due to the doping of chromium. This effect can
e ascribed to the bond of Cr–O is stronger than that of Mn–O.

S

L
L
L

ig. 1. XRD pattern of samples: (A) LiMn2O4, (B) LiCr0.16Mn1.84O4, and (C)
iCr0.25Mn1.75O4.

Fig. 2 shows the voltammograms of three samples obtained
ith slow potential sweep during the first cycle. It can be seen

hat two steps for lithium insertion and removal in the spinel
xide can be separated significantly for the sample with and
ithout the doping of chromium. However, There are differences

n the voltammograms between the samples with and without the
oping of chromium.

First, the charging and discharge efficiency is different.
harging and discharge efficiency, the ratio of electric quan-

ity of charging and discharge obtained by integrating forward
r backward scan voltammogram, is 95%, 98% and 100% for the
amples LiMn2O4, LiCr0.16Mn1.84O4 and LiCr0.25Mn1.75O4,
espectively. The charging and discharge efficiency increases
ith increasing chromium content in the spinel oxide, indicat-

ng that irreversible capacity loss of spinel lithium manganese
xide is reduced by the doping of chromium.

Secondly, the amount of lithium insertion and removal for
ach of two steps, which can be obtained from the integration
f the oxidation or reduction peak, is different. As shown in
ig. 2A, the amount of lithium insertion and removal at low
otential is almost equal to that at high potential. However,
he amount of lithium insertion and removal increases at low
otential and decreases at high potential due to the doping of
hromium, as shown in Fig. 2B and C. This suggests that the dop-
ng of chromium in the spinel lithium manganese oxide changes
he amount of lithium insertion and removal for each of two
amples a (Å) V (Å ) RMn–Mn (Å) RMn–O (Å)

iMn2O4 8.2275 556.93 2.9089 1.9413
iCr0.16Mn1.84O4 8.2261 556.65 2.9084 1.9410
iCr0.25Mn1.75O4 8.2243 556.28 2.9077 1.9406
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Fig. 3. Cyclic voltammograms of samples on powder microelectrode: (A)
L
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ig. 2. Cyclic voltammograms of samples on powder microelectrode: (A)
iMn2O4, (B) LiCr0.16Mn1.84O4, and (C) LiCr0.25Mn1.75O4; scan rate:
0 �V s−1.

easured on powder microelectrodes with a faster scan rate.
he voltammograms of the first and the 50th cycles are shown

n Fig. 3. It can be found from Fig. 3 that the peak currents
f the spinel oxide without doping decrease more quickly than
hose of the spinel oxides with doping. After 50 cycles, the dis-
harge capacity, obtained by integrating the backward scanning
oltammogram, becomes 30.7%, 19.3% and 11.7% of that at
he first cycle for the samples LiMn2O4, LiCr0.16Mn1.84O4 and

iCr0.25Mn1.75O4, respectively. It is apparent that the cyclic sta-
ility of spinel lithium manganese oxide can be improved by the
oping of chromium. Similar results have been obtained for the
oping of elements other than chromium and this effect can be

c
p
q
a

iMn2O4, (B) LiCr0.16Mn1.84O4, and (C) LiCr0.25Mn1.75O4; scan rate:
mV s−1.

scribed to the stability improvement of the spinel oxide by the
oping of elements [18,19].

Electrochemical impedance spectroscopy was used to under-
tand the kinetic process of lithium ion in samples. Before the
IS measurement, the powder microelectrode was charged with
constant current of 15 nA to 4.3 V and kept at 4.3 V till the

urrent was lower than 10 pA. The measurement begun after

otentiostat at each measured potential for 30 min. The fre-
uency range used was from 100 KHz to 5 mHz and with an
mplitude of 5 mV.
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Fig. 4. Nyquist plot of sample LiMn2O4 on powder microelectrode.

Fig. 4 shows the Nyquist plot of the sample without the
oping of chromium. It can be found that the Nyquist plot is
omposed of three part: semicircle at high frequency, straight
ine with a smaller slope at middle frequency and straight line
ith a bigger slope at low frequency. The semicircle at high fre-
uency is corresponding to a charge transfer step, which should
e ascribed to the charge transfer of lithium ion on the surface
f spinel oxide because there are no other electrode reactions
aking place during lithium insertion and removal in the spinel
xide. The straight line at middle frequency is corresponding
o a diffusion step, which can be ascribed to the diffusion of
ithium in the lattice of the spinel oxide because the diffusion
f lithium ion in electrolyte is fast and can be neglected in EIS
ompared to the diffusion of lithium in the lattice of the spinel.
he straight line with high slope at low frequency belongs to
capacitance behavior and it should be ascribed to the inser-

ion/removal capacitance of lithium in the lattice of the spinel
xide. Based on these considerations, the equivalent circuit of
ig. 5 can be used to describe the kinetic process of lithium in

he spinel oxide.
In Fig. 5, Rs represents the solution resistance, Cdl the double

ayer capacitance, Rct the resistance of charge transfer, Zw War-
urg impedance reflecting the diffusion process of lithium in the
attice of the spinel oxide and Cint insertion or removal capac-
tance reflecting the occupation process of lithium in lattice of
he spinel oxide. The solid line in Fig. 4 is the result obtained by
imulating the experimental result with the equivalent circuit of

ig. 5. It can be found that the experimental result can be well
tted and thus the kinetic parameters can be easily obtained by
imulating.

ig. 5. Equivalent circuit describing the kinetic process of lithium in spinel
ithium manganese oxide on powder microelectrode.
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ig. 6. Nyquist plots of samples on powder microelectrode at some potential:
A) LiMn2O4, (B) LiCr0.16Mn1.84O4, and (C) LiCr0.25Mn1.75O4; (�, �, �)
xperimental, (—) simulated.

The electrochemical impedance of the samples with and with-
ut the doping of chromium was measured under the potentials
very 50 mV from 4.2 to 3.85 V. Fig. 6 shows the results of three
amples under 4.15, 4.10 and 4.05 V. As shown in the Fig. 4,
he dots and the lines in Fig. 6 represent the experimental and
imulated results, respectively. It can be found that the Nyquist
lots are similar for the samples with and without the doping
f chromium and can be well fitted by the equivalent circuit of

ig. 5. The parameters of three samples under different poten-

ials, Rs, Cdl, Rct, Zw, and Cint can be obtained by simulating the
easured electrochemical impedance with the equivalent circuit

f Fig. 5.
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Fig. 8. The dependence of double layer capacitance with potential for lithium
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ig. 7. The dependence of charge transfer resistance with potential for lithium
nsertion and removal in samples: (A) LiMn2O4, (B) LiCr0.16Mn1.84O4, and (C)
iCr0.25Mn1.75O4.

Fig. 7 shows the dependence of charge transfer resistance
ct with the potential. It can be found that the charge transfer

esistance for lithium insertion and removal in the samples with
nd without doping of chromium is influenced by the poten-
ial and its dependence on potential is the same for the samples
ith and without the doping of chromium. There is a minimum

harge transfer resistance for all the samples, which is at the
otential in between the two peak potentials for two steps of
ithium insertion and removal, about 4.0 V for the sample with-
ut the doping of chromium and 4.05 V for the samples with the
oping of chromium, as shown in Fig. 2. The charge transfer
esistance increases for all samples as the potential increases or
ecreases from the potential where the charge transfer resistance
s in its minimum value. Comparing the samples with and with-
ut doping of chromium, it can be seen that the charge transfer
esistance increases from the sample without doping to the sam-
le with doping. There is about a decade of increase in charge
ransfer resistance due to the doping of chromium and as the
ontent of doped chromium in spinel oxide increases the charge
ransfer resistance increases.

Fig. 8 shows the dependence of double layer capacitance with
he potential. It can be found that the double layer capacitance for
ithium insertion and removal in the samples with and without
he doping of chromium is also influenced by the potential and its
ependence on potential is also the same for the samples with and
ithout the doping of chromium. Similar to the change of charge

ransfer resistance that has a minimum, there is a maximum
ouble layer capacitance for all the samples, which is also at
he potential in between the two peak potentials for two steps
f lithium insertion and removal, about 4.0 V for the sample
ithout the doping of chromium and 4.05 V for the samples with

he doping of chromium. The double layer capacitance decreases
or all samples as the potential increases or decreases from the
otential where the double layer capacitance is in its maximum
alue. Comparing the samples with and without the doping of

hromium, it can be seen that the double layer capacitance also
ncreases from the sample without doping to the sample with
oping. There also is about a decade of increase in double layer

t
t
c

nsertion and removal in samples: (A) LiMn2O4, (B) LiCr0.16Mn1.84O4, and (C)
iCr0.25Mn1.75O4.

apacitance due to the doping of chromium. Different from the
ffect of chromium on the charge transfer resistance, however,
he double layer capacitance of doped spinel oxide is almost
ndependent of the content of doped chromium.

To obtain the diffusion parameter of lithium in the lattice
f the samples, a simplified treatment is made. The diffusion
oefficient DLi of lithium in the lattice of spinel lattice can be
xpressed as [3]

Li = 1

σ4

R4T 4

4A4n8F8c2 = κ
1

σ4 (5)

here σ is obtained by simulating experimental electrochemical
mpedance with the equivalent circuit of Fig. 5, A the surface
rea of the samples, n the electron number in the charge transfer
tep, T the temperature, R the gas constant and F is the Faradaic
onstant. Under the same temperature, A, n, T, R and F are
onsidered to be constants and the same for all samples, thus
hey can be put together to be a constant k.

The dependence of diffusion coefficients of lithium in lattice
f three samples obtained from Eq. (5) is shown in Fig. 9. It can
e found that the diffusion coefficients of lithium in lattice of the
amples with and without the doping of chromium increases with
otential when potential is lower than 4.0 V but is less dependent
n the potential when potential is higher than 4.0 V. Comparing
he samples with and without the doping of chromium, it can be
een that the diffusion coefficient of spinel lithium manganese
xide becomes smaller due to the doping of chromium.

Fig. 10 shows the dependence of insertion capacitance with
he potential. It can be found that the insertion capacitance for the
ccupation of lithium in the lattice of samples with and without
he doping of chromium is hardly influenced by potential except
or the potentials near the potential in between the two peak
otentials for two steps of lithium insertion and removal, where

he insertion capacitance reaches a higher value. Different from
he behaviors of double layer capacitance behavior, the insertion
apacitance is hardly influenced by the doping of chromium.
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Fig. 9. The dependence of diffusion coefficient with potential for lithium inser-
tion and removal in samples: (A) LiMn2O4, (B) LiCr0.16Mn1.84O4, and (C)
LiCr0.25Mn1.75O4.
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ig. 10. The dependence of insertion capacitance with potential for lithium
nsertion and removal in samples: (A) LiMn2O4, (B) LiCr0.16Mn1.84O4, and (C)
iCr0.25Mn1.75O4.

The effect of doped chromium on the charge transfer resis-
ance, the double layer capacitance and the diffusion coefficient
ust be related to the lattice contraction of spinel lithium man-
anese oxide due to the doping. However, the lattice contraction
f spinel lithium manganese oxide does not affect the occupation
f lithium in the spinel lattice.

[
[
[
[
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. Conclusion

Chromium can enter the lattice of spinel lithium manganese
xdie forming chromium doped spinel oxide LiCrxMn2−xO4,
esulting in the change of kinetic parameters. Due to the dop-
ng of chromium in the spinel oxide, the volume of spinel
xide is contracted, the charge transfer resistance and the dou-
le layer capacitance for lithium insertion or removal increase,
nd the diffusion coefficient of lithium in the lattice of spinel
xide decreases. However, the insertion capacitance of lithium
n the spinel lattice is hardly influenced by the doping of
hromium.
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