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New investigation of fluorine-substituted spinel
LiMn2O4−xFx by using sol–gel process
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Abstract

To investigate the electrochemical properties of LiMn2O4−xFx (0 <x< 1) as a cathode material for 4-V class lithium secondary batteries,
spinel phases synthesized at 800◦C are examined. Although the initial discharge capacity of LiMn2O4 is improved by substitution of F− for
O2− in the single-phase region, the cycle performance is reduced considerably compared with that of parent LiMn2O4. X-ray diffraction (XRD)
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ata show that the single-phase region ofx in LiMn2O4−xFx is 0 <x< 0.2. A secondary phase (Mn2O3) is observed in the region 0.4 <x< 1.0.
oltammetric peaks between 3 and 4.5 V region and XRD data suggest that the oxidation state of Mn in the parent LiMn2O4 increases a
he expense of creating second phase (Mn2O3). These results also imply that a second phase spinel can improve the cycling perform
iMn2O4 by suppressing the Jahn–Teller instability. The oxidation state of Mn in the single-phase spinel and the second-phase
pinel is compared by means of XPS measurements. The electronic conductivity and activation energy of LiMn2O4 is also discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The enormous growth in portable electronic devices, such
s mobile phones and note-book computers, has led to an

ncreasing demand for high energy and high power batteries
1,2]. Lithium secondary batteries have satisfied this demand
o a greater degree than other battery systems[3,4].

In recent years, the normal spinel LiMn2O4 has been
tudied extensively as a cathode material for rechargeable
ithium cells [5,6]. Its rechargeable capacity is equal to
00–130 mAh g−1 and is comparable with the capacity of

he LiCoO2 system[7]. In addition, LiMn2O4 is cheaper than
iCoO2 or LiNiO2 and more environmentally benign[8].

The discharge curve of LixMn2O4 exhibits two voltage
lateaux, namely, 4 V for 0 <x< 1 and 3 V for 1 <x< 2. In
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the 3 V range, a severe loss of capacity with cycling is ca
by a large volumetric change due to a structure phase
sition from cubic to tetragonal, which is derived from
Jahn–Teller distortion of Mn3+(3d4) [9]. Accordingly, the
material can be cycled only in the 4 V range, albeit w
marked capacity fading.

To improve the cycle performance in the 4 V ran
many research groups have investigated the properti
manganese-substituted spinels LiMxMn2−xO4 (M = Al, Cr,
Ga, Ti, Ge, Fe, Co, Zn, Ni, Mg)[10–16]. These studies ha
shown that substitution of low valence-state metal catio
Mn enhances the stability of the spinel. Whereas, the c
performance of the LiMxMn2−xO4 is improved by subst
tution of M for Mn3+ in the octahedral sites, the discha
capacity is reduced considerably compared with that o
parent LiMn2O4.

A few researchers have examined the propertie
oxygen-substituted spinels LiMn2O4. Recently, Amatucci e
al. [17,18] have shown that the introduction of anion s
stitution can reduce the Mn oxidation state and improve
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chemical stability of the spinel. Nevertheless, no explanation
was given for the change in electrochemical properties dis-
played by oxygen-substituted spinels LiMn2O4. In addition,
the authors[17,18] were opposed to the well known con-
cept that a high Mn oxidation state enhances the stability of
spinel and depresses the Jahn–Teller distortion of Mn3+ (3d4)
[10–16].

The aim of the present paper is to obtain more infor-
mation on the electrochemical properties related to oxygen-
substituted spinels LiMn2O4. These studies also aim to solve
the controversy about the influence of the Mn oxidation state
at the oxygen substituted spinel.

2. Experimental

2.1. Powder preparation

The sol–gel process was adapted to the synthesis of
LiMn2O4−xFx. In order to determine the doping effect of
anions (O) on the structural and electrochemical properties,
anions were substituted with F. A stoichiometric amount of
Li and Mn acetate (Junsei Chemicals; 99%) salts with MnF
(Junsei Chemicals; 99%) were dissolved in distilled water
and mixed well with an aqueous solution of glycine (Aldrich,
high purity). The glycine was used as a chelating agent to
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Fig. 1. Schematic diagram of the cell used for 2-probe measurements.

formed with a potentiostat/galvanostat (EG&G PARC Model
263). The cut-off voltages were set at 4.5 and 3.0 V for
charge and discharge, respectively, at a current density of
1 mA cm−2(i.e., a rate of 0.5C).

2.3. Electric conductivity measurements

The calcined powders were mixed with 5 wt.% PVDF and
ball-milled in ethanol for 24 h. The resultant mixtures were
then dried and pressed into pellets (1.2 cm in diameter) under
a pressure of 100 MPa and re-fired at 800◦C for 8 h. The
thickness of the tested samples varied from 0.80 to 1.01 mm.
A minimum thickness was required to minimize the time for
electrochemical equilibrium of the sample. The cell for 2-
probe measurements consistsed of two silver films and one
LiM xMn2−xO4 pellet, as shown schematically inFig. 1. Two
silver wires were positioned to sense the resistance of the
pellet.

3. Results and discussion

3.1. Structure characterization of LiMn2O4−xFx

Transport gels could be formed for all the samples under
i lour.
T eous
p d
a with
t y vis-
c

d ed
F hase
w y
roduce a gel, and the molar ratio of glycine to total m
ons was fixed at unity. Ammonium hydroxide was ad
lowly to this solution with constant stirring until pH 6 w
chieved. The resultant solution was evaporated at 80◦C for
h until a transparent sol was obtained. To remove wate
ol was heated at 80◦C for 3 h. As the evaporation of wat
roceeded, the sol turned into a viscous transparent ge
esulting gel precursors were calcined at 800◦C for 8 h in air
o obtain the spinel phase.

Phase analysis was carried out by means of powde
ay diffraction (XRD) with Cu K� radiation in a Rigak
-ray diffractometer. Scanning electron micrographs w
btained to examine the morphology of the powder. The a
ge valence of manganese in the lithium manganese o
as determined by using XPS.

.2. Electrochemical measurements

A cathode electrode was prepared by mixing LiMn2O4F
owder with 10 wt.% carbon black (Vulcan, XC-72) a
wt.%PVDF (poly-vinylidene fluoride) in NMP (n-meth
yrrodinone) solution. The stirred mixture was spread
316 stainless steel ex-met. The electrode specimens

ried under vacuum at 120◦C.
A three-electrode cell was constructed for char

ischarge experiments. An excess amount of lithium
Foote Mineral, 99.9%) was used as the negative elect
he electrolyte was a 1 M LiClO4–PC solution that wa
re-mixed at Mitsubishi Chemicals (PC propylene carb
te). Galvanostatic charge–discharge experiments wer
nvestigation, and were transparent and uniform in co
hese features indicated the formation of homogen
hases[19–21]. It is thought[19–21]that the carboxylic an
mino groups on the glycine can form chemical bonds

he metal ions and that these mixtures develop extremel
ous polymeric resins as they become gels.

The XRD patterns for the LiMxMn2−xO4 (0≤ x≤ 1) pow-
ers are presented inFig. 2. When the content of substitut
is small,x≤ 0.2, the samples are identified as a single p
ith the space groupFd3m in which the lithium ions occup
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Fig. 2. X-ray diffraction patterns for LiMn2O4F powders with F-contents.

the tetrahedral (8a) sites and the transition metal ions occupy
the tetrahedral (16d) sites[19,22]. The observed diffraction
lines match completely those of a cubic spinel LiMn2O4
structure listed in a JCPDS file. The sharp (4 0 0) peak of the
un-doped sample reveals that highly crystallized manganese
oxides have been synthesized[20]. The intensity of the (4 0 0)
peak for LiMn2O3.8F0.2 is less than that of LiMn2O4 [23].
This result reveals that F-doped samples have low crystalline
structure and an unstable spinel framework. It is expected
that this low crystalline structure will effect cycle-life. When
the substituted F content is large, 0.4≤ x≤ 1.0, a new peak
that belong to Mn2O3 is observed at 2θ = 37.1, seeFig. 2.
The intensity of the Mn2O3 peak increases with increasing F
content. Xiaomei et al.[9] claimed that this secondary phase
is Li2MnO3. In our opinion, however, they could not discern
this phase precisely due to the very small amont of F doping
(x= 0.045). We carefully matched this second phase by using
the JCPDS file and also calculated the lattice parameters by
using X-ray analysis tools; the results are given inTable 1.

Table 1
Dependence of lattice parameter for LiMn2O4 and Mn2O3 the F substituted
composition

LiMn2O4-xO4 a (Å) of LiMn 2O4 a (Å) of Mn2O3 Mn2O3 phase

x= 0 8.224± 0.001 ×
x= 0.2 8.2408± 0.0007 ×
x
x
x
x

Fig. 3. Effect of F-content on lattice parameter of LiMn2O4.

The value of the average oxidation state of manganese in
the spinel phase is related closely to the lattice constant of
the cubic unit cell[24,25]. For example, MnO2 (all Mn4+)
transforms progressively to MnO2 (all Mn3+) for the binary
Mn oxide system as the temperature is increased[19]. The
atomic radius of Mn3+ (0.72Å) is larger than that of Mn4+

(0.67Å) and thus the lattice constant of the cubic unit cell
of the spinel LiMn2O4 powders with low oxidation states of
Mn is larger than that of powders with corresponding high
oxidation states.

The effect of F substitution on the lattice constant is
demonstrated inFig. 3. The lattice constant increases almost
up to 8.240Å when the substituted F contents is increased
from 0 to 0.2 in the solid solution range. This trend is oppo-
site to what is expected by Vegard’s rule for the substitution
of O for the smaller F anion. Therefore, the increase in lat-
tice parameter can be assumed to originate from an increase
in the quantity of the larger trivalent manganese Mn3+. The
lattice constant decreases down to about 8.230Å when the
amount of substituted F is large, 0.4≤ x≤1.0. These results
suggested that the Mn oxidation state of the parent LiMn2O4
increased at the expense of creating a second phase (Mn2O3).
Therefore, the data imply that a second phase (Mn2O3) of
coexisting spinel can enhance the cycling performance above
that of than LiMn2O4 by suppressing the Jahn–Teller insta-
bility. On the other hand, the capacity will decrease almost
l
i

t of
M
b

-
c
t d
a m of
l nm.
T es
t

= 0.4 8.2277± 0.001 9.4002± 0.0007 ©
= 0.6 8.2288± 0.0004 9.4004± 0.0007 ©
= 0.8 8.2285± 0.0006 9.401± 0.001 ©
= 1.0 8.2269± 0.0007 9.408± 0.001 ©
inearly due to development of a second phase (Mn2O3) that
s known to be an inactive battery material.

The effect of F substitution on the lattice constan
n2O3 is shown inFig. 4. The lattice parameter of Mn2O3
ecomes larger (up to 9.408Å) with increasing F content.

Scanning electron micrographs of LiMn2O4 powders cal
ined at 800◦C for 8 h in air are presented inFig. 5. As
he F content is increased, the Mn2O3 content is increase
nd the shape of the powder transforms into a facet for

arger crystal size, i.e., the size grows from 50 to 200
hese observations imply that the Mn2O3 phase accelerat

he growth kinetics.
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Fig. 4. Effect of F-content on lattice parameter of Mn2O3.

X-ray photoelectron spectroscopy (XPS) studies were
undertaken to elucidate the change in the chemical state of
the synthesized LiMn2O4. The results are given inFig. 6.
The Mn (2p3/2) emission shifts from 641.6 to 642.9 eV when
the F content is increased from 0 to 1.0. This means that the
average oxidation state tends to decrease at high F content.
The binding energy for Mn standards and previously reported
XPS reference data[26] are compared inFig. 7.

From the above findings, it is concluded that LiMn2O4
powders with wide differences in material properties, such
as crystallity, Mn oxidation state, and particle size, and shape
can be produced in a controlled manner by varying the sub-
stituted F content.

3.2. Electrochemical characterization

The initial charge curves of Li|LiMn2O4 cells at a con-
stant charge–discharge rate ofC/2 over a voltage range of

Table 2
Initial discharge capacity of substituted LiMn2O4

Spinels
LiMn2O4−xFx

Capacity
reduction (%)

Discharge capacity (mAh g−1)

Predicted Experimental

x= 0 17 148 (theoretical) 123.01
x= 0.2 10 147.5 132.13
x= 0.4 22 147 113.96
x= 0.6 60 146.5 58.68
x= 0.8 65 145.9 51.39
x= 1.0 60 144.6 57.63

4.5 to 3.0 V are given inFig. 8. The theoretical and exper-
imental capacities are compared inTable 2. The theoretical
capacity is 148 mAh g−1 on the basis that one Li per Mn2O4
unit is reversibly intercalated and deintercalated at 4.1 V. In
practice, LiMn2O4 shows about 123 mAh g−1 which corre-
sponds to only 0.83 of the total Li in LiMn2O4 being utilized
within the selected voltage range. The Li|LiMn2O3.8F0.2 cell
exhibited a capacity of 132 mAh g−1, the increase in the
capacity is due to the reduction of some Mn4+ to Mn3+ during
fluorine substitution. The use of monovalent fluorine sub-
stitution for divalent oxygen increases the amount of Mn3+

content available for the redox process (therefore increas-
ing the specific capacity). When the substituted F content is
large, i.e., 0.4≤ x≤ 1.0, the initial capacity is decreased dra-
matically because of the increase in the amount of the new
phase (Mn2O3). The Mn2O3 phase is believed to not par-
ticipate in Li intercalation and de-intercalation at a constant
charge–discharge rate ofC/2 over the voltage range of 4.5 to
3.0 V.

Cyclic voltammograms for LiMn2O4 and substituted
spinel are presented inFig. 9. There are two anodic and
cathodic peaks for LiMn2O4 and the substituted spinel. The
two pairs of oxidation and reduction peaks for the spinel
are located around 4.15 and 4.0 V, and correspond to two-

ion of F 0.
Fig. 5. Scanning electron micrographs of LiMn2O4 powders as funct
 content: (a) F = 0 (b) F = 0.2 (c) F = 0.4 (d) F = 0.6 (e) F = 0.8 (f) F = 1.
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Fig. 6. XPS emission Mn (2P) of LiMn2O4 powders: (a) F = 0 (b) F = 1.0.

Fig. 7. X-ray photoelectron spectra of binding energy for Mn standards and
relative to literature reference materials[26].

Fig. 8. Initial discharge behaviour of LiMn2O4 as function of F content.

stage reversible intercalation/de-intercalation processes of
lithium. The following are new observations in this inves-
tigation. The 4.15- V peak current densities as well as area
under the current–voltage curve for the F-substituted spinels
are, respectively, lower and smaller than those for the 4.10-V
peak and LiMn2O4. Because the oxidation of Mn3+ to Mn4+

occurs only in the 4.15 V range, it is reasonable to assume
that only Mn3+ in the F-substituted spinel gives rise to the
oxidation-reduction peaks and that the amount of Mn3+ is
decreased by F-doping and, thereby, results in a decrease in
the observed peak current and area. Note, the decrease in
Mn3+ by F doping has also been discussed above in Section
3.1.

The cyclic voltammetric behaviour is very similar to that
of cation doping[27], but the mechanism of Mn3+ to Mn4+

is quite different, i.e.,

F
s

ig. 9. Cyclic voltamograms for LiMn2O4 and substituted LiMn2O4 at
weep rate of 0.1 mV s−1.
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Fig. 10. Discharge capacity of Li|LiMn2O4 cell as function of F content.

(i) Cation substitution for Mn: oxidation state of Mn in
parent LiMn2O4 increases to maintain charge-neutrality
condition.

(ii) F-substitution for O: oxidation state of Mn in parent
LiMn2O4 increases at the expense of creating a second
phase (Mn2O3).

Plots of discharge capacity with cycling are shownFig. 10.
The discharge capacity of pure LiMn2O4 decreases slowly
during cycling, and after 20 cycles about 98% of the ini-
tial capacity can be recovered. By contrast, capacity fad-
ing during cycling is faster with a Li|LiMn2O3.8F0.2 cell.
The capacity loss is 13% of the initial value after 20
cycles. Based on simple electroneutrality concepts, apply-
ing a mono-valence F-substitution to a spinel phase would
lead to a lowering of the Mn oxidation state, which is the
opposite of what is electrochemically desirable for long
cycle-life.

When the substituted F content is large, 0.4≤ x≤ 1.0,
the capacity fading during cycling is decreased. This can be
explained by postulating that Mn oxidation state in the par-
ent LiMn2O4 increases at the expense of creating a second
phase (Mn2O3). Therefore, it is electrochemically desirable
for long cycle-life.

To evaluate the influence of F substitution on the electronic
properties, two types of sample were investigated, namely:

:

tivity
o nge
3
e e
d
t

Fig. 11. Temperature dependence of electronic conductivities.

temperature is given by:

σ = σ0

T
Nvx(1 − x) exp

(−Eh

kT

)
(1)

where:σ is the electrical conductivity;T is the absolute tem-
perature;k is the Boltzmann constant;eis the electron charge;
Eh is the activation energy for hopping;Nv is the effective
density of states in the valence band; andx is the portion of
lattice occupied with mobile species.

The electrical conductivity of pure LiMn2O4 is higher than
that of a F-substituted sample at room temperature. The lower
conductivity of the latter can be explained by a decrease in the
density of Mn4+ states available for the electrons with Mn3+.
Molenda et al.[29] also observed a decrease in conductivity
with increasing Mn3+.

There are some discrepancies in the literature with respect
to the electrical properties of LiMn2O4. For example, Pistoia
et al. [30] indicated that LiMn2O4 was a hopping semi-
conductor with conductivity of about 2× 10−6 �−1 cm−1,
while Chen et al.[31] reported that the total conductiv-
ity was closed to 10−4 �−1 cm−1 at room temperature, as
determined from impedance measurement. Feltz et al.[32]
found that the electronic conductivity of LiMn2O4 was about
2.3× 10−4 �−1 cm−1 at room temperature from d.c. mea-
surements. In the study reported here, the electronic con-
d −4 −1 −1 -
p t for
F

s of
L iven
i sing
v sed
t on-
n n
a in
t ent
v ation
e ergy
sample A: LiMn2O4 (fluorine substitution: 0 mol).
sample B: LiMn2O4−xFx + Mn2O3 (fluorine substitution
1 mol).

The temperature dependence of the electrical conduc
f the LiMn2O4 spinel obtained in the temperature ra
00 to 700 K in an air atmosphere is given inFig. 11. Since
lectronic conduction in the LiMn2O4 spinel is believed to b
ue to electrons hopping between mixed valences of Mn[28],

he dependence of the electrical conductivity of LiMn2O on
uctivity of LiMn2O4 is 5× 10 � cm at room tem
erature from a 2-probe d.c. measurements while tha
-substituted (1 mol) was LiMn2O4 is 2× 10−4 �−1 cm−1.

The activation energies obtained for a particular serie
iMn2O4 samples as a function of lattice parameter is g

n Fig. 12. The activation energy increases with increa
alue of the lattice parameter. According to the propo
heory[29], this might indicate that activation energy is c
ected with charge transport through cationic states M3+

nd Mn4+. The small lattice size implies more overlap
he wave functions of neighbouring Mn ions with differ
alence states, which thus leads to a low electrical activ
nergy. In this investigation, the electronic activation en
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Fig. 12. Relationship between electrical activation energy and lattice param-
eter.

of LiMn2O4 and F-substituted (1 mol) LiMn2O4 is 0.336
and 0.345, respectively. Similar values have been reported
by Molenda et al.[29] for low-temperature calcined mate-
rial.

4. Conclusions

Fluorine-substituted spinel LiMn2O4−xFx powders with
sub-micron, mono dispersed, and highly homogeneous par-
ticles have been synthesized by a sol–gel method using an
aqueous solution of metal acetate that contains glycine as a
chelating agent. The following observations are made.

(i) Compared with a Li|LiMn2O4, the Li|LiMn2O3.8F0.2
cell exhibits a high capacity of 132 mAh g−1. This is
due to the reduction of some Mn4+ to Mn3+ during F-
substitution. Monovalent fluorine substitution for diva-
lent oxygen increases the amount of Mn3+ content avail-
able for redox reactions.

(ii) The discharge capacity of pure LiMn2O4 decreases
slowly during cycling, and after 20 cycles about 98% of
the initial capacity can be recovered. By contrast, capac-
ity fading during cycling is faster for a Li|LiMn2O3.8F0.2
cell. The capacity loss is 13% of the initial value after 20
cycles. This behaviour can be explained by postulating

er-
t is

( d

and
n-

(
l)

LiMn2O4, respectively. An increase in activation energy
is observed with increasing value of lattice parameter.
This behaviour can be explained by postulating that the
small lattice size implies more overlap in the wave func-
tions of neighbouring Mn ions with different valence
states, which gives a low electrical activation energy.
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