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Abstract To improve the cycle performance of spinel
LiMn2O4 as the cathode of 4-V-class lithium secondary
batteries, spinel phases LiMxMn2−xO4 (M=Li, Fe, Co; x=0,
0.05, 0.1, 0.15) and LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni,
Co; y=0.05, 0.1) were successfully prepared using the sol–
gel method. The spinel materials were characterized by
powder X-ray diffraction (XRD), elemental analysis, and
scanning electron microscopy. All the samples exhibited a
pure cubic spinel structure without any impurities in the
XRD patterns. Electrochemical studies were carried out
using the Li|LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1,
0.15) and LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=
0.05, 0.1) cells. These cathodes were more tolerant to
repeated lithium extraction and insertion than a standard
LiMn2O4 spinel electrode in spite of a small reduction in
the initial capacity. The improvement in cycling perfor-
mance is attributed to the stabilization in the spinel
structure by the doped metal cations.
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Introduction

One of the recent trends in the lithium ion battery tech-
nology is focused on the characterization and development
of high-voltage cathodes. Lithium transition-metal (V, Cr,

Mn, Co, Ni) oxides, which are used as positive electrodes
in secondary lithium batteries, have been extensively
studied [1–4]. Among the various positive electrodes which
have been used, spinel LiMn2O4 [5–7] offers considerable
advantages over LiCoO2 [8] and LiNiO2 [9, 10] in terms of
high cell voltage, a wide operating temperature, and long
shelf life with much lower cost.

In spinel LiMn2O4, Li ions reside in the tetrahedral (8a)
sites, Mn ions in the octahedral (16d) sites, and O2− ions in
octahedral (32e) sites, respectively [11]. The oxygen ions in
the octahedral sites form a closed-packed array in the spinel
structure. The tetrahedral (8a) sites share faces with empty
octahedral (l6c) sites and thus form 3D spaces. Li ions
intercalate or de-intercalate through these spaces during
electrochemical reaction [12].

Some problems for commercial application of LiMn2O4

are rechargeable capacity and poor cyclability of the
charge–discharge process in the 4-V region. The major
factors responsible for the capacity loss are as follows [10,
13, 14]: (1) the more stable one-phase structure in the low-
voltage region transforms to an unstable two phase on the
high-voltage region; (2) Mn3+ ions in LiMn3+Mn4+O4

cathode materials undergo a self-redox reaction to Mn2+

and Mn4+ at high voltages, which induces capacity loss due
to a loss of the cathode; the Mn2+ so generated irreversibly
dissolves in the electrolyte and increases in resistance of the
cell; (3) the decomposition of the electrolyte solution at the
electrode at high voltage causes lattice instability of
LiMn2O4. This metal oxide shows cubic Fd3m symmetry
at room temperature, with an average manganese valence of
3.5. The Mn exists in Mn4+

�
t32ge

0
g

�
and Jahn–Teller active

Mn3+
�
t32ge

1
g

�
configurations. Several studies have been

aimed at improving the material properties of LiMn2O4 and
at improving its efficiency in maintaining electrochemical
capacity over a large number of cycles without sacrificing
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initial reversible capacity and also its performance at room
temperature [15, 16]. Doping the Mn (16d) sites with a
trivalent cation or a cation with lower valence is a
possibility, because it reduces the Mn3+ content and
stabilizes the cubic structure in the face of Mn3+ Jahn–
Teller distortion [17–23]. Guohua et al. [22] have shown
that the substitution of M ions at the Mn site, Li(Mn, M)2O4

(M=Cr, Co and Ni), increases the average ionic valence of
Mn and thus decreases the number of Jahn–Teller Mn3+

ions. Thackeray and co-workers [24] have pointed out that
the substitution of a metal cation for Mn enhances the
stability of spinels. In addition, Hosoya et al. [25] have
suggested that the improvement of the cyclability refers to
stronger M–O bonding of the MO6 octahedron of partially
substituted LiMyMn2−yO4 (M=Cr, Co, Ni) in comparison
with that of Mn–O in the parent LiMn2O4. Single-ion-
doped LiMn2O4 spinels could not counteract all the factors
responsible for the capacity loss. The effect of multiple
cation-substituted LiMn2O4 has been reported and it has
been pointed out that co-doping has a synergistic effect on
the improvement of the cycling life of the materials as
cathodes in lithium batteries [26–31].

In this work, we report the synthesis and characterization
of double- and triple-metal-cation-doped spinel phases,
wherein Mn has been partially replaced with monovalent
lithium and other metal ions to improve the cycle per-
formance of LiMn2O4 spinel materials.

Experimental

The LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15)
and LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1)
powders were synthesized by the sol–gel method using
citric acid as a chelating agent [32, 33]. Stoichiometric
mixture of Mn(NO3)2·4H2O (Merck), Fe(NO3)3·9H2O
(Merck), and the respective substituent compound [Al
(NO3)3·9H2O (Riedel-de Haen), Co(NO3)2·6H2O (Sure-
chem), Ni(NO3)2·6H2O (Merck)] was first dissolved in
deionized water to give a saturated solution. To this

solution, lithium nitrate (Riedel-de Haen) was added slowly
with mild stirring. Finally, a saturated aqueous solution of
citric acid was then added with stirring. In all the experi-
ments, the molar ratio of chelating agent to the total metal
ions was unity. The pH of the mixed solution was maintained
between 6.5 and 7.0 by adding ammonium hydroxide
solution. The solution was then heated at 80 °C with vigorous
stirring for 4 h to remove excess ammonia and water. The
resulting precipitate of metal citrate was dried in an air oven
for 10 h at 100 °C. After drying, the precursors were dec-
omposed at 300 °C for 6 h in air to eliminate organic contents.
The decomposed powders were slightly ground and then
calcined at 600–800 °C for 24 h in air.

The cation composition of the products was determined
by flame atomic absorption spectrometer (AAS, Perkin
Elmer 3110) after dissolving the powders in dilute nitric acid.

The valence of Mn was determined by chemical titration.
The samples were dissolved in an excess of 20 ml Na2C2O4

and 2 ml H2SO4 at ∼65 °C (maintained by a water bath) to
reduce all Mnn+ to Mn2+ (2<n≤4), and then the excess C2O4

2−

ions in the solution were determined by titration at 65 °C
with a standard solution of KMnO4 [34].

The phase identification and the evaluation of lattice
parameters of prepared samples were carried out by powder
X-ray diffraction (XRD) using copper CuKα radiation
(Bruker AXS D8). The diffractometer was equipped with
a diffracted beam graphite monochromator. The diffraction
data were collected at 40 kV and 40 mA over a 2θ range
from 5° to 80° with a step size of 0.02° and a count time of
10 s/step.

The particle morphology of the products was examined
by means of scanning electron microscopy (LEO 440)
operated at 20 kV.

The electrochemical properties of the spinel products
were investigated using two-electrode Teflon cells [25]
consisting of a cathode, lithium foil anode, glass filter paper
separator, and an electrolyte having 1 M LiClO4 in
propylene carbonate. For the fabrication of the cathode, a
mixture of 85 wt.% active material (LiMxMn2−xO4 (M=Li,
Fe, Co; x=0, 0.05, 0.1, 0.15) and LiFe0.05MyMn1.95−yO4

Table 1 Chemical analysis
and average Mn oxidation state
of LiMxMn2−xO4 (M=Li, Fe,
Co; x=0, 0.05, 0.1, 0.15) and
LiFe0.05MyMn1.95−yO4 (M=Li,
Al, Ni, Co; y=0.05, 0.1)
compounds

a The theoretical oxidation state
of Mn is calculated, based on
the experimental composition

Average oxidation state of Mn

Nominal composition Experimental composition Theoreticala Experimental

Li1.05Mn2O4 Li1.01Mn1.97O4 3.55 3.55
Li1.1Mn2O4 Li1.05Mn1.96O4 3.55 3.53
Li1.1Fe0.05Mn1.95O4 Li1.04Fe0.049Mn1.93O4 3.53 3.53
Li1.1Fe0.1Mn1.9O4 Li1.05Fe0.0.96Mn1.88O4 3.54 3.54
Li1.1Co0.15Mn1.85O4 Li1.03Co0.145Mn1.81O4 3.69 3.67
Li1.1Fe0.05Al0.1Mn1.85O4 Li1.05Fe0.048Al0.098Mn1.81O4 3.60 3.57
Li1.1Fe0.05Ni0.1Mn1.85O4 Li1.05Fe0.048Ni0.098Mn1.81O4 3.65 3.65
Li1.1Fe0.05Co0.1Mn1.85O4 Li1.04Fe0.049Co0.097Mn1.80O4 3.67 3.68
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(M=Li, Al, Ni, Co; y=0.05, 0.1), 10 wt.% graphite as
electronic conductor, and 5 wt.% PTFE as a binder was
pressed on to a 13-mm-diameter stainless steel mesh current
collector covered with aluminum foil under a pressure of
6 tons. The resulting disc was then dried at 120 °C under
vacuum for 12 h. The charge–discharge tests were per-
formed galvanostatically with a computer-controlled multi-
channel battery tester at a constant current density of
0.300 mA/cm2 with cut-off potentials of 3.5–4.4 V versus

Li/Li+ at 25 °C. All processes of assembling and dis-
mantling the cells were carried out in an argon-filled dry
glove box.

Results and discussion

The chemical composition and the oxidation state of Mn in
spinel materials are listed in Table 1. The chemical
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Fig. 1 X-ray diffraction patterns
of LiMxMn2−xO4 (M= Li, Fe, Co;
x=0, 0.05, 0.1, 0.15) and
LiFe0.05MyMn1.95−yO4 (M=Li, Al,
Ni, Co; y=0.05, 0.1) powders. a
Li1.01Mn1.97O4, b Li1.05Mn1.96O4,
c Li1.04Fe0.049Mn1.93O4,
d Li1.05Fe0..96Mn1.88O4,
e Li1.03Co0.145Mn1.81O4,
f Li1.05Fe0.048Al0.098Mn1.81O4,
g Li1.05Fe0.048Ni0.098Mn1.81O4,
h Li1.04Fe0.049Co0.097Mn1.80O4

Table 2 The cubic lattice pa-
rameter (a) and unit cell volume
(V) for LiMxMn2−xO4 (M=Li,
Fe, Co; x=0, 0.05, 0.1, 0.15) and
LiFe0.05MyMn1.95−yO4 (M=Li,
Al, Ni, Co; y=0.05, 0.1)

Experimental composition a (Å) V (Å3)

Li1.01Mn1.97O4 8.2238 556.2
Li1.05Mn1.96O4 8.2405 559.6
Li1.04Fe0.049Mn1.93O4 8.2229 556.0
Li1.05Fe0.96Mn1.88O4 8.2192 555.3
Li1.03Co0.145Mn1.81O4 8.1880 548.9
Li1.05Fe0.048Al0.098Mn1.81O4 8.1998 551.3
Li1.05Fe0.048Ni0.098Mn1.81O4 8.2189 555.2
Li1.04Fe0.049Co0.097Mn1.80O4 8.2033 552.1
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(a) Li1,01Mn1,97O4 (b) Li1.05Mn1.96O4  

(c) Li1.04Fe0.049Mn1.93O4 (d) Li1.05Fe0.96Mn1.88O4 

(e) Li1.03Co0.145Mn1.81O4 (f) Li1.05Fe0.048Al0.098Mn1.81O4 

 (g)Li1.05Fe0.048Ni0.098Mn1.81O4 (h)Li1.04Fe0.049Co0.097Mn1.80O4 

Fig. 2 Scanning electron micro-
graphs of LiMxMn2−xO4 (M=Li,
Fe, Co; x=0, 0.05, 0.1, 0.15)
and LiFe0.05MyMn1.95−yO4

(M=Li, Al, Ni, Co; y=0.05, 0.1)
powders
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composition of each sample was close to the targeted
formula of LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1,
0.15) and LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=
0.05, 0.1). The experimental oxidation state of Mn was
determined by chemical titration and the theoretical one is
calculated based on the experimental composition. It can be
seen that there is a good agreement between the expected
and observed values.

The powder XRD patterns of the LiMxMn2−xO4 (M=Li,
Fe, Co; x=0, 0.05, 0.1, 0.15) and LiFe0.05MyMn1.95−yO4

(M=Li, Al, Ni, Co; y=0.05, 0.1) are shown in Fig. 1. All
samples were identified as a single-phase spinel with a
space group Fd3m in which the lithium ions occupy the
tetrahedral sites (8a) and manganese and substituting metal
ions reside at the octahedral (16d) sites [12]. This fact may
indicate that the Mn site in LiMn2O4 is substituted fully by
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Fig. 3 Voltage vs. discharge capacity curves for various numbers of discharge cycles in voltage range 3.5–4.5 Vat a current density of 0.3 mA cm−2 for
Li/LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15) and LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1) cells
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Fe–, Al–, Ni–, and Co–, respectively, and no other phase is
formed. Metal substitution does not appear to change the
basic LiMn2O4 structure. The cubic lattice parameters of
LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15) and
LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1),
calculated from the diffraction data, are given in Table 2.
As compared with that of Li1.01Mn2O4, the lattice param-
eters of doped spinels are slightly decreased with increasing
dopant content. This is due to the smaller size of the
substituting ions Li+ (0.059 nm), Al3+ (0.0535 nm), Co3+

(0.055 nm), and Fe3+ (0.064 nm) as compared with the
larger Mn+3 ion (0.066 nm) [35].

SEM photographs of substituted spinel LiMxMn2−xO4

(M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15) and LiFe0.05
MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1) powders
are presented in Fig. 2. The micrographs show that the
particle size becomes smaller and the size distribution
becomes much narrower with substituting of metal ions for
the Mn3+. The smallest particle size and narrowest particle
size distribution are observed for the triple-doped spinels.

Since electrochemical lithium intercalation and deintercala-
tion are, in general, limited by the rate of diffusion, the
surface morphology and particle size distribution are the
important factors for cycling performance of the Li ion
batteries. Smaller grain size and narrower particle size
distribution can favor the lithium ion mobility in the
particles by reducing the ion diffusion pathway [36].
Therefore, it is expected that triple-doped spinels can
display better electrode properties.

The discharge profiles for the samples synthesized by
sol–gel method are shown in Fig. 3. The cells were first
activated by charging up to 4.4 V and then discharging to
3.5 V at room temperature. The initial discharge capacity of
cells was reduced by doping. Since the deintercalation of
Li+ from the spinel structure must be electrically compensated
by the oxidation of Mn3+ to Mn4+, it suggests that even for
the substituted spinel phases only the amount of Mn3+ con-
tributes to the charge capacity. So the initial capacity of
LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15) and
LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1) is
limited by the initial amount of Mn3+ in the 16d sites [12].

The variation of discharge capacity as a function of cycle
number for the LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1,
0.15) and LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05,
0.1) electrodes is given in Fig. 4. In Table 3, the theoretical
capacities C0, the first discharge capacities C1, the discharge
capacities at n=30, C30, and the percentages of capacity
deterioration at the 30th cycle (C1−C30)×100/C1 under the
standard of C1 are summarized. As shown in Fig. 4 and
Table 3, the initial discharge capacity of an electrode, based
on Li1.01Mn1.97O4, was 110 mAh/g, which decreased rapidly
to 86.2 mAh/g after 30 cycles. The capacity loss observed
with the Li1.01Mn1.97O4 is about 21.6% after 30 cycles. The
monovalent lithium ion- and other metal cation (M=Fe, Al,
Ni, Co)-doped spinels display better cycle performance in
terms of cycle life compared with Li1.01Mn2O4. In addi-
tion, cycling performance in the double-doped spinels
(LiMxMn2−xO4 M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15),
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Fig. 4 Variation of discharge capacity as a function of cycle num-
ber for Li/LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15) and
Li/LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1) cells

Table 3 Theoretical capacities C0, first discharge capacities C1, discharge capacities at n=30 C30, and percentages of capacity deterioration at
n=30 (C1−C30)×100/C1

Composition C0 (mAh/g)a C1 (mAh/g) C30 (mAh/g) (C1−C30)×100/C1 (%)

Li1.01Mn1.97O4 149.1 110.0 86.2 21.6
Li1.05Mn1.96O4 149.8 108.1 101.1 6.5
Li1.04Fe0.049Mn1.93O4 148.9 104.1 98.2 5.7
Li1.05Fe0.0.96Mn1.88O4 149.0 97.9 93.1 4.9
Li1.03Co0.145Mn1.81O4 150.0 94.1 90.3 4.0
Li1.05Fe0.048Al0.098Mn1.81O4 152.3 97.3 93.7 3.7
Li1.05Fe0.048Ni0.098Mn1.81O4 149.6 91.6 88.9 2.9
Li1.04Fe0.049Co0.097Mn1.80O4 150.0 88.7 86.9 2.0

a Discharge capacity given by [(nF) / (3.6MW)], n=no. of Li+ atoms inserted per formula unit, F=Faraday’s constant (96,485 C mol−1 ),
MW=molecular weight of intercalated compound
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gradually decline; on the other hand, triple-doped spinels
(LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1)
exhibit better capacity retention on cycling.

The significant improvement in the cycle performance
can be explained by postulating that the doped metal ions
enhance the stability of the octahedral sites in spinel
skeleton structure because the bonding energy of doped
metal oxygen Al–O, Ni–O, and Co–O is stronger than that
of Mn–O [22, 37, 38]. Therefore, the spinel structure
becomes more tolerant to repeated charge–discharge by
doping of Li–Fe–Al, Li–Fe–Ni, and Li–Fe–Co. From the
analysis of our results and those of earlier reports, we
suggest that the Jahn–Teller distortion caused by Mn3+ was
suppressed by the partial metal substitution. Another reason
for the decreased capacity fade for the double- and triple-
doped spinel materials is a result of their reduced particle
size compared to that for the single-doped and undoped
LiMn2O4 spinels. It has been known that a decrease in the
mean particle size has increased the cyclability of the
cathode material since the mechanical stability of small
particles is more than that of large particles [39, 40]. From
Fig. 4, it can be seen that the cycle performance was
increased with triple-metal substitution.

Conclusions

The LiMxMn2−xO4 (M=Li, Fe, Co; x=0, 0.05, 0.1, 0.15)
and LiFe0.05MyMn1.95−yO4 (M=Li, Al, Ni, Co; y=0.05, 0.1)
have been prepared by the sol–gel method. All of the
powders were identified as a single spinel phase with Fd3m
space group. It has been demonstrated that cathodes based
on substituting a part of Mn with Li–Fe–Al, Li–Fe–Ni, and
Li–Fe–Co have good cycle life in spite of decrease in initial
capacity. The improvement in cycling properties might be
attributed to stabilization of spinel structure. Triple doping
seems to have a synergetic effect on the improvement of the
cycling life.
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