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bstract

Layered LiMn1−xMxO2 (M = Zn or Fe) (0 ≤ x ≤ 0.3) samples are synthesized from the corresponding sodium analogues by an ion-exchange
ethod using LiBr in n-hexanol at 160 ◦C. The samples are subjected to physicochemical and electrochemical characterization. X-ray diffraction

ata indicate the formation of layered structures for the LiMn Zn O samples up to x = 0.3 and for LiMn Fe O samples up to x = 0.2. Among
1−x x 2 1−x x 2

hese, LiMn0.95Zn0.05O2 and LiMn0.95Fe0.05O2 provide the highest capacity values of 180 and 193 mAh g−1, respectively. Both Zn- and Fe-substituted
amples display good capacity retention up to 30 charge–discharge cycles. Electrochemical impedance spectroscopy and galvanostatic intermittent
itration data corroborate the results obtained from cyclic volatmmetry and charge–discharge cycling.

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

Among the several positive electrode (cathode) materials for
i-ion batteries, layered LiCoO2 has been investigated exten-
ively as it has stable capacity, good reversibility, and high-rate
harge–discharge capability. On the other hand, its high cost and
oxicity due to cobalt have prompted investigations into alterna-
ive materials [1]. Layered LiNiO2 [2] and LiMnO2 [3–5] have
een studied widely as possible candidates. Both LiNiO2 and
iMnO2 are plagued, however, by problems associated with

heir syntheses and also capacity decay on cycling [6,7]. A
etailed examination of various types of manganese oxides for
attery electrochemistry has been reported by Thackeray [8].
ayered LiMnO2 synthesized by an ion-exchange method has
een found to be promising, but its structural transformation
auses a large capacity decay during the initial stages of cycling
9]. In order to ameliorate the performance of LiMnO2, partial

ubstitutions of Mn with Co [10], Ni [11], Al [12], Cr [13], and
g [14] have been attempted. Substitution of Mn by both Ni

nd Fe at a low concentration has been reported recently [15].

∗ Corresponding author. Tel.: +91 80 22933183; fax: +91 80 23600683.
E-mail address: muni@ipc.iisc.ernet.in (N. Munichandraiah).
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In the present study, Mn in LiMnO2 is partially substi-
uted by Zn and Fe to obtain LiMn1−xMxO2 (M = Zn or Fe)
0 ≤ x ≤ 0.3). The effect of varying concentration of Zn and Fe
n the properties of these compounds has not been reported
n the literature. In this work, the compounds are prepared by
mploying the ion-exchange method. Structural and electro-
hemical characterizations are carried out by means of X-ray
iffraction (XRD), scanning electron microscopy (SEM), energy
ispersive analysis of X-rays (EDAX), inductively coupled
lasma analysis (ICP), surface-area analysis, cyclic voltamme-
ry, charge–discharge cycling, electrochemical impedance spec-
roscopy (EIS), and galvanostatic intermittent titration (GITT).

. Experimental

NaMn1−xMxO2 (M = Zn or Fe) (0 ≤ x ≤ 0.3) phases were
ynthesized by preparing a mixed solution comprising
toichiometric amounts of Na2CO3 (Sarabhai Chemicals),

n(CH3CO2)2·4H2O (Spectrochem), Zn(CH3COO)2·2H2O

Spectrochem) or Fe(COO)2·2H2O (synthesized in-house) in
ouble-distilled water. Following rotary evaporation at 80 ◦C,
he solid residue was subjected to grinding for about 30 min,
eated in air at 250 ◦C for 12 h, and finally heated at 700 ◦C

mailto:muni@ipc.iisc.ernet.in
dx.doi.org/10.1016/j.jpowsour.2006.06.098
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or 1 h before quenching to room temperature. The product,
aMn1−xMxO2 (1 g), was then subjected to ion-exchange by

efluxing at 140–160 ◦C for 8 h in 50 ml of n-hexanol that con-
ained of 8 M LiBr to obtain the corresponding LiMn1−xMxO2.

Chemical analysis of the samples was carried out by ICP
mploying a Varian Vista-pro CCB spectrometer using accu
tandards, and by EDAX with a JEOL JSM 5600LV scan-
ing electron microscope. The compounds were characterized
y powder X-ray diffraction with Cu K� as the source on a
iemens D5005 diffractometer. Scanning electron microscopy

mages were obtained from a JEOL JSM 5600LV instrument and
T-IR spectra were recorded in KBr pellets using a Perkin-Elmer
pectrometer model Spectrum 1000.

For electrochemical characterization, electrodes were pre-
ared by mixing the oxide sample, acetylene black and
olyvinylidene fluoride (Aldrich) in a weight ratio of 85:10:5. N-
ethyl pyrrolidinone (Aldrich) was used to obtain a paste of this
ixture, which was coated on an aluminium foil (0.2 �m thick

nd 0.75 cm2 area) that was provided with a tag for electrical con-

ection. The foil was polished previously with emery paper, then
leaned, washed with double-distilled water and dried in a vac-
um desiccator. Cells were assembled in an argon atmosphere
love-box (MBraun model UNILAB). Lithium was employed

Fig. 1. Powder XRD patterns for (a) Zn-, and (b) Fe-substituted LiMnO2.
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or both counter and reference electrodes. The electrode poten-
ials are reported against the Li/Li+ reference electrode. The
lectrolyte was 1 M LiBF4 in a mixture ethylene carbonate and
imethyl carbonate (1:1 by volume). A Celgard (2400) porous
olypropylene film was used as the inter-electrode separator.

Cyclic voltamograms were recorded with a EG&G PARC
otentiostat/galvanostat (model Versastat). Electrochemical
mpedance spectra were recorded with a EG&G impedance ana-
yzer model 6310 (excitation signal of 5 mV) in the frequency
ange 100 kHz to 10 mHz. Galvanostatic charge–discharge
ycling was performed using a circuit that consisted of a reg-
lated dc power source, a high resistance and an ammeter in
eries. Cell voltage was measured using a digital multimeter with
igh input impedance. Galvanostatic intermittent titration was
erformed with an Ecochemic potentiostat/galvanostat model
utolab 30.

. Results and discussion

Powder XRD patterns of LiMn1−xMxO2 samples are shown
n Fig. 1(a and b), for Zn- and Fe-substituted samples, respec-
ively. The samples exhibited fluorescence. Nevertheless, the
atterns obtained for the Zn-substituted samples of x from 0.05
p to 0.3 and Fe-substituted samples up to 0.2 could satisfacto-
ily be indexed to a hexagonal unit cell with R3̄m space group.

Although the unit cell of the parent compound, namely
iMnO2 is known to have monoclinic symmetry (C2/m) [4], the
RD patterns of LiMn1−xMxO2 obtained in the present work

ould not be indexed to the C2/m space group. The best fit of the
RD patterns is obtained only by indexing to a hexagonal unit

ell with a R3̄m space group. By contrast, the XRD pattern of
iMnO2 (without substitution) prepared by the present method
annot be indexed to this hexagonal unit cell. These results sug-
est that LiMn1−xMxO2 (x = Zn and Fe) with compositions of x
rom 0.05 up to 0.3 (Zn substitution) and 0.2 (Fe substitution)
s formed with a layered rock-salt structure.

X-ray diffraction patterns of the Zn-substituted samples
Fig. 1(a)) show (1 0 8) (1 1 0) peaks and the peak separation
ncreases with increase in the Zn content, which indicates well-
eveloped layered structures [16]. The lattice parameters (a and
) were obtained by a least-squares-fitting procedure using the
ppleman Program. The values of a and c are in the range

.850–2.865 Å and 14.4–14.56 Å, respectively. The c/a ratio is
etween 5.035 and 5.075. Furthermore, there is an increase in
he values of a, c and c/a with an increase in x. This increase in
and c is due to the increased ionic radii of Zn2+ in relation to

able 1
onic radii of different metals in various oxidation states assuming an octahedral
o-ordination [17]

on Ionic radii (Å) for various oxidation states

1+ 2+ 3+ 4+

i 0.76
n 0.83 0.58 0.53

n 0.74
e 0.61 0.55
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These bands are assigned to M O bonds. As predicted by
group theory [18], four bands should be observed in the region
200–900 cm−1 for layered compounds with a R3̄m space group,
and five bands for the spinel. For the layered compound, a band

Table 2
Intended and observed compositions of substituted LiMnO2

Intended composition Observed composition

LiMn0.95Zn0.05O2 Na0.012Li0.889Mn0.937Zn0.063O2

LiMn0.9Zn0.1O2 Na0.013Li0.886Mn0.889Zn0.111O2

LiMn0.8Zn0.2O2 Na0.009Li0.883Mn0.787Zn0.213O2

LiMn0.7Zn0.3O2 Na0.013Li0.873Mn0.712Zn0.288O2
ig. 2. Scanning electron micrographs for (a) LiMn0.9Zn0.1O2, (b) LiMn0.7Zn
re shown in the insets.

n3+-ion. The ionic radii values at different oxidation states for
n, Li, Zn, and Fe are listed in Table 1 [17].
Fe-substituted samples show greater fluorescence than the

n-substituted counterparts (Fig. 1(b)). Unlike in the case of Zn
ubstitution, it is seen that as the Fe content increases the sep-
ration between (1 0 8) and (1 1 0) decreases; the peaks almost
erge at x = 0.3, and this indicates a gradual transformation of

he layered structure to a spinel phase. Lattice parameters were
btained for the Fe-substituted samples up to x = 0.2 by index-
ng the XRD data to a hexagonal unit cell. Parameters a and c,
s also c/a ratio are virtually invariant with Fe content. This is
ecause the ionic radius of Fe3+ is nearly the same as that of Mn3+

Table 1). The XRD data of all samples, as discussed above, sug-
est that the layered structures are obtained for Zn substitution
p to x = 0.3, and for Fe substitution up to x = 0.2. The synthesis
nd characterization of the compounds in the present study are
estricted to these compositions because there is a decrease in
harge–discharge capacity with increase in concentration of Zn
r Fe, as discussed below.

The compositional analyses of the above phases were carried
ut using ICP and EDAX. Typical, scanning electron micro-
raphs of the samples LiMn0.9M0.1O2 and LiMn0.7M0.3O2 for
he Zn and Fe substituents are shown in Fig. 2. The EDAX pattern
or each sample is also shown. The images reveal agglomeration
f sub-micron size particles, which results in poor crystallinity as

eflected in the XRD-patterns (Fig. 1). By contrast, the XRD pat-
erns of the sodium phases (not shown) contained intense peaks
nd the SEM images showed particles of good crystallinity.
ence, as expected, there is a decrease in crystallinity of the

L
L
L
L

(c) LiMn0.9Fe0.1O2, and (d) LiMn0.7Fe0.3O2. Corresponding EDAX patterns

ample during ion-exchange [15]. The compositions estimated
orm the analyses are compared with the target compositions
n Table 2. It is noted that the total alkali metal concentration
s about 10% lower than the expected composition, as reported
y others [11]. Furthermore, the concentration of Na is negligi-
ly small, which indicates that Na+/Li+ ion-exchange is close to
ompletion.

The FTIR spectra of the LiMn1−xMxO2 (M = Zn, Fe) sam-
les for x = 0.1 and 0.3 (Fig. 3). It is seen that the spectra of
he samples are similar and that there are three bands at 440,
10, 630 cm−1 in the region 400–800 cm−1, except in the case
f LiMn0.7Fe0.3O2. The last-mentioned sample shows splitting
f the 510 cm−1 band into two bands at 483 and 522 cm−1.
iMn0.95Fe0.05O2 Na0.01Li0.897Mn0.941Fe0.059O2

iMn0.9Fe0.1O2 Na0.009Li0.876Mn0.897Fe0.103O2

iMn0.8Fe0.2O2 Na0.015Li0.865Mn0.776Fe0.224O2

iMn0.7Fe0.3O2 Na0.013Li0.867Mn0.718Fe0.282O2
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Fig. 3. FTIR spectra for (a) LiMn0.9Zn0.1O2, (b) LiMn0.7Zn0.3O2, (c)
LiMn0.9Fe0.1O2, and (d) LiMn0.7Fe0.3O2.

Fig. 4. Cyclic voltammograms for (a) LiMn0.95Zn0.05O2, and (b)
LiMn0.7Zn0.3O2. Scan rate = 50 �V s−1. Material weight = 5 mg.
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ig. 5. Cyclic voltammograms for (a) LiMn0.95Fe0.05O2, and (b)
iMn0.8Fe0.2O2. Scan rate = 50 �V s−1. Material weight = 5 mg.

s expected at 270 cm−1 in addition to the three bands but that
egion is not investigated in the present experiment due to limi-
ation of the spectrometer. Hence, Zn-substituted samples have
ayered structures for compositions up to x = 0.3. In the case
f Fe-substituted samples, however, transformation to a spinel
tructure is observed with increase in Fe content to x = 0.3 [19].

Cyclic voltammograms were recorded for the electrodes in
he voltage range 2–4.5 V at a scan rate of 50 �V s−1. Voltam-
ograms for the Zn- and Fe-substituted samples are shown in
igs. 4 and 5, respectively. LiMn0.95Zn0.05O2 (Fig. 4(a)) has
n anodic peak at 3.5 V with a corresponding cathodic peak
t 2.6 V; these peaks are assigned to a Mn3+/Mn4+ redox cou-
le. For LiMn0.7Zn0.3O2, a decrease in peak current is observed
or both anodic and cathodic peaks (Fig. 4(b)). The decrease
n peak intensity is due to a decrease in the electrochemically
ctive Mn3+-ions with an increase in Zn2+-ions in the sample.

Cyclic voltammograms for the Fe-substituted samples are
hown in Fig. 5. For LiMn Fe O , an anodic peak appears
0.95 0.05 2
t 3.25 V (Fig. 5(a)) and a corresponding cathodic peak at 2.9 V.
his compound provides sharp current peaks with the high-
st peak intensities compared with the others compounds. As



P. Suresh et al. / Journal of Power Sources 161 (2006) 1307–1313 1311

F
(

d
t
x
w
l
a
s
[
p

c
v
a
Z
i
i
D
i
i

f
b

i
a
g
t
t
0
a
T
t
d
a
g

e
f
ity of the electrodes in the present study, impedance spectra
ig. 6. Charge and discharge profiles for cells with (a) LiMn0.95Zn0.05O2, and
b) LiMn0.95Fe0.05O2 cathodes.

iscussed below, the discharge capacity of LiMn0.95Fe0.05O2 is
he highest obtained in the present study. For the sample with
= 0.2, there is an anodic peak at 3.5 V and a slight hump at 4.5 V
ith the main cathodic peak at 2.5 V (Fig. 5(b)). The peaks at

ow potentials are assigned to the Mn3+/Mn4+ couple. The peak
t 4.5 V is dominant for the compound LiMn0.7Fe0.3O2 (not
hown), and correspond to the Fe3+/Fe4+ couple in the spinel
20]. With increase in Fe content, the intensity of the anodic
eak at 4.5 V increases.

Galvanostatic charge–discharge cycling of all samples was
arried out in the potential region between 2 and 4.5 V. Typical
oltage profiles during cycling of the oxides LiMn0.95Zn0.05O2
nd LiMn0.95Fe0.05O2 are shown in Fig. 6. While charging the
n-substituted oxide cathodes (Fig. 6(a)), there is a gradual

ncrease of potential from 3.8 to 4.5 V. During discharge, there
s a gradual decrease in potential from 4.3 to 2 V (Fig. 6(a)).
uring charging of LiMn0.95Fe0.05O2 (Fig. 6(b)), there is an

ncrease of potential from 3.25 to 4.5 V. During discharge, there
s a plateau at about 3 V.
Cycle-life tests were performed for all samples and the data
or the Zn- and Fe-substituted samples are given in Fig. 7(a and
), respectively. The Zn-substituted samples show initial capac-

w
a
e

Fig. 7. Cycle-life data for (a) Zn-, and (b) Fe-substituted LiMnO2.

ties of 185, 170, 150, and 138 mAh g−1 for x = 0.05, 0.1, 0.2,
nd 0.3 samples, respectively (Fig. 7(a)). The samples show
ood capacity retention up to 30 charge–discharge cycles in
he case of x = 0.05 and 0.1. Fe-substituted samples have ini-
ial capacities of 200, 180, 150, and 140 mAh g−1 for x = 0.05,
.1, 0.2, and 0.3 samples, respectively. Fe-substituted samples
lso exhibit good capacity retention up to 30 cycles (Fig. 7(b)).
he decrease in capacity with increase in Zn content is due to

he decrease in electrochemically active Mn3+-ions, whereas the
ecrease in capacity with increase of Fe content is attributed to
n increase in the amount of Fe that occupies Li sites that thereby
ives raise to a modified spinel at higher Fe substitutions.

Electrochemical impedance spectroscopy has been used
xtensively for evaluation of batteries and electrode materials
or battery application. Subsequent to stabilization of the capac-
ere recorded at the charged (i.e., state-of-charge, SOC = 1)
nd at discharged (SOC = 0) condition. Typical plots for the two
lectrodes are presented in Fig. 8. Each spectrum consists of a
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In Eq. (1), m is the mass of the active material, MB the
molar mass, Vm the molar volume, and A is geometric area
of the electrode. As the true area of the electrode is expected
to be greater than the geometric area, DLi is considered to
ig. 8. Nyquist plots of impedance spectra for LiMn0.95Zn0.05O2 at (a) SOC
xperimental data are shown as symbols and theoretical data obtained from NL

igh-frequency intercept on the real axis, and a broad semicir-
le. The high-frequency intercept indicates the ohmic resistance
Rs). Two semicircles have been reported for positive electrodes
f Li-ion cells [21]. The broad, distorted semicircle is likely due
o overlap of two semicircles. The high-frequency semicircle
s associated with the surface film resistance and the diameter
f the low-frequency semicircle represents the charge-transfer
esistance (Rct) of the electrochemical process.

The impedance spectra of all the compounds at all SOC val-
es were fitted to an equivalent circuit with a circuit code of
(RQ)(RQ), where Q is a constant phase element, similar to the
rocedure described earlier [22]. The charge-transfer resistance
t the fully-charged state (SOC = 1) is plotted against the com-
osition along with the average discharge capacity in the Fig. 9
or the Fe-substituted samples. It is seen that as the concentra-
ion of Fe increases, the charge-transfer resistance increases and
he average discharge capacity decreases.

In the galvanostatic intermittent titration technique, a
iMn1−xMxO2 electrode of known composition, say y, with

espect to Li, that is, y in Liy, was subjected to lithiation and
e-lithiation by applying a constant current (Io) for a time τ, at
he end of which the compound attained a known lithium content
± �y. As a result, there was a change in the equilibrium poten-
ial (Eo), which reaches Eτ at a time τ. After interruption of the
urrent at time τ, the electrode was allowed to attained its new
teady-state potential Es, and the change in this potential �Es
=Es − Eo) was calculated. From the values of �Eτ (=Eτ − Eo)

F
a

nd (b) SOC ≈ 0, and for LiMn0.95Fe0.05O2 at (c) SOC ≈ 1 and (d) SOC ≈ 0.
t results as solid curves. Some of the frequency values are given in Hertz.

nd �Es, the diffusion co-efficient of Li (DLi) was calculated
sing Eq. (1) [23], for several SOC values.

Li =
(

4

πτ

) (
mBVm

MBA

)2(
�Es

�Eτ

)2

(1)
ig. 9. Variation in charge-transfer resistance (Rct) at SOC ≈ 1 of electrodes and
verage discharge capacity with composition (x) of LiMn1−xFexO2.
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e the ‘apparent’ diffusion coefficient of Li. Typical experi-
ental values are: Io = 25 �A cm−2; τ = 5400 s; �Es = 124 mV;
Eτ = 252 mV; Vm = 20.8 cm3; mB = 2 mg cm−2. The diffusion

oefficient values were obtained for the Zn- and Fe-substituted
ompounds for x = 0.1, at different potentials. The apparent dif-
usion co-efficient ranges between 10−11 and 10−13 cm2 s−1,
nd the values agree well with those reported for layered com-
ounds [24].

. Conclusions

Layered LiMn1−xMxO2 (M = Zn or Fe) (0 ≤ x ≤ 0.3) samples
ave been synthesized from the corresponding sodium ana-
ogues by an ion-exchange method using LiBr in n-hexanol
t 160 ◦C. The samples have been characterized both physic-
chemically and electrochemically. Although XRD patterns
xhibit a large fluorescence, the data indicate the forma-
ion of layered structures for the Zn-substituted samples up
o x = 0.3 and for Fe-substituted samples up to x = 0.2. The
iMn0.95Zn0.05O2 and LiMn0.95Fe0.05O2 samples yield the
ighest capacity values, namely 180 and 193 mAh g−1, respec-
ively. Both the Zn- and Fe-substituted samples exhibit good
apacity retention up to 30 cycles. Zn-substitution improves the
apacity retention, but increase in the amount of Zn is detri-
ental to the achievable capacity. Fe-substitution is found to

e beneficial in terms of both capacity retention and achievable
apacity, at low concentrations. An increase in the amount of
e leads to a structural transformation towards the spinel phase
ecause of the tendency of Fe3+-ions to occupy lithium layers.
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