
INTRODUCTION

Lithium manganese oxide (Li-Mn-O) is regarded as a
promising commercial cathode material because of its lower
price, extensive availability in natural sources and environ-
ment friendly1-5. However, its fast capacity fading with cycling
number especially at elevated temperature6,7 is the biggest
obstacle for its commercial application. Up to now, doping8,9

is considered to be an effective path to improve the capacity
retention of spinel LiMn2O4, so various metals ions were doped
at the Mn-site10-15.

As well known, the discharge capacity and cycle perfor-
mance of LiMn2O4 were greatly determined by its synthesis
methods and experimental conditions. There are several tradi-
tional methods to prepare this material, such as solid-state
method which needs high temperature16, microwave synthesis
method17, sol-gel method18, coprecipitation19, Pechini20 and
combustion method21, etc. Recently, an improved combustion
method called liquid-phase combustion synthesis (LCS), has
been proposed by our group22,23. This method uses flammable
and oxidative salts as raw materials, at the same time adding
oxidant into, then calcineing at a low temperature to obtain
very fluffy products. This method gives LiMn2O4 with a
nanoparticle or submicro-particle size, uniform composition
and high capacity. In a word, this possesses following merits:
less energy consumption, less impurity in the products and
environment friendly.
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To inhibit capacity fading, Al was selected to be doped
into LiMn2O4 in this paper. To the best of our knowledge, no
Al-doped cathode materials with this method have been reported.
In this study, the spinel LiAlxMn2-xO4 was synthesized by liquid-
phase combustion synthesis (LCS) method and the effect of
several synthetic parameters were discussed. Fourier transform
infrared (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), cyclic voltammogram cycle voltammetry,
electrochemical impedance spectroscopy (EIS) and charge-
discharge tests were used to characterize the obtained spinel
LiAlxMn2-xO4. The optimal Al-dopant mount is determined.

EXPERIMENTAL

LiAlxMn2-xO4 (x = 0, 0.02, 0.05, 0.08, 0.1 and 0.2) were
prepared by LCS method. LiNO3 (AR, Shanghai Chemical
Reagent Co., Ltd. Hanson, China), Li(OAc)2·2H2O (AR, Shanghai
Fengshun Fine Chemical Reagent Co., Ltd., China), Mn(NO3)2

(AR, Tianjin Fengchuan Chemical Reagent Science and
Technology Co., Ltd. , China), Mn(OAc)2·4H2O (AR, National
Pharmaceutical Group Chemical Reagent Co., Ltd. , China)
and Al(NO3)3·9H2O (AR, Shanghai Sanpu Chemical Reagent
Co., Ltd. , China) with molar ratio of Li:Mn:Al = 1:2-x:x,
NO3

–:OAc– = 1 were weighed accurately into 300 mL crucibles,
heated in a drum wind drying oven for 15 min and then
removed into a muffle furnace keeping temperature 500 °C
for 3 h. Lastly, the target powdery products obtained were
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cooled off to room temperature and preserved into several
plastic bags.

Characterization: The powders were characterized using
X-ray diffraction (XRD, D/max-rB, Japan) with Cu-Kα radiation
in steps of 0.02° over the range 10° ≤ 2θ ≤ 70° for every sample.
Tube voltage and current was 40 kV and 30 mA, respectively.
Their morphologies were analyzed by scanning electron
microscopy (SEM, FEI, Quanta 200, Japan) at a magnification
of 60000. A Fourier transform infrared (FTIR) spectroscope
(Thermo Fisher SCIENTIFIC Nicolet IS10, USA) was used to
detect the change of Mn-O band, with a pellet containing a
mixture of KBr and the prepared active material in the region
of 800-400 cm-1.

Electrochemical properties: The electrochemical perfor-
mances were evaluated by means of a standard CR2025 coin
cell composed of the cathode, lithium anode, a Celgard 2320
film separator, 1 M LiPF6 in EC/DMC (1:1 in volume) as elec-
trolyte. Products (80 wt %) were mixed with carbon black
(10 wt %) and polyvinylidene fluoride binder (10 wt %) in a
N-methyl-pyrrolidone solvent and then the mixture was
uniformly pasted onto an aluminum foil, dried in an oven at
80 °C for 4 h. Subsequently the Al foil cohered LiAlxMn2-xO4

was punched into numerous circular disks with 16 mm diameter.
As such the cathodes were prepared. All cells were assembled
in an argon-filled glove box. The cells were aged for 24 h
before they were cycled in the voltage 3.2-4.35 V with 0.2 C
current density at room temperature. Electrochemical charge-
discharge experiments were performed at Land electric test
system CT2001A (Wuhan Jinnuo Electronic Co., Ltd). Cyclic
Voltammogram and electrochemical impedence spectroscopy
(EIS) experiments were operated using Model CHI604D
Electrochemical Instruments (Shanghai Chenhua instrument
Co., Ltd) at room temperature. The voltage range was 3.2-
4.35 V after the coin cells were cycled 10 times and the
frequency range was 100 kHz to 0.1 Hz and the amplitude of
the perturbation signal was 10 mV.

RESULTS AND DISCUSSION

Fourier transform infrared (FTIR) analysis: The FTIR
spectrograms of LiAlxMn2-xO4 prepared by LCS method at
500 °C are shown in Fig. 1. The two peaks, centered at about
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Fig. 1. FTIR of LiAlxMn2-xO4 samples

615 and 519 cm-1, are assigned to ν(Mn-O) band associating
with the asymmetric stretching modes of the MnO6 octahedral24

and all the peaks are broad. With increasing of Al amount, the
peak of 615 cm-1 has little displacement, but the peak of 519
cm-1 shift slightly toward a higher wavenumber. Which is due
to coexistent of three MnO6 octahedral (M = Li, Mn and Al)
and it is hard to distinguish the vibrational band attributed to
which one clearly. This result also implied the Al substituted
partly Mn in the MnO6 octahedra25.

X-ray diffraction analysis (XRD): XRD patterns of
LiAlxMn2-xO4 (x = 0.02, 0.05, 0.08, 0.1 and 0.2) are shown in
Fig. 2 a. the main diffraction peaks of all the LiAlxMn2-xO4

samples were ascribed to LiMn2O4 (JCPDS 35-0782) with
space group Fd3m, in which the lithium ions occupy the tetra-
hedral sites (8a); Mn3+ and Mn4+ ions reside at the octahedral
sites (16d); and O2- ions are located at 32e sites26. This indi-
cated that Al-doped in spinel LiMn2O4 would not change its
bulk structure. The impurity of Mn3O4 (JCPDS 80-0382) was
also observed in this Figure. Among them, LiAl0.08Mn1.92O4

got pure spinel phase without any impurity. However, when
x(Al) was up to 0.20, the diffraction peaks of impurity Mn3O4

became strongest. As seen in Fig. 2 (b), the lattice parameters
of LiAlxMn2-xO4 shrinked when doping Al. This would be
caused by doped-Al substitute part of Mn resulting in shorter
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Fig. 2. (a) XRD patterns of LiAlxMn2-xO4 and (b) the function between
lattice parameter and the content of Al
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bond length and the radius of Al3+ (0.530 Å) is little smaller
than Mn3+ (0.650 Å) and the higher binding energy of Al-O
than the Mn-O27.

Scanning electron microscopy analysis: The SEM photo-
graphs of LiAlxMn2-xO4 (x = 0, 0.02, 0.08 and 0.2) are showed
in Fig. 3. All of the samples have agglomeration and irregular

 

Fig. 3. SEM images of LiAlxMn2-xO4 with (a) x = 0, (b) x = 0.02, (c) x =
0.08 and (d) x = 0.2

shape. However, the Al-doped samples exhibited slighter
agglomeration. On these agglomerations, micro/nanoparticles
can be observed. The average grain size of LiAlxMn2-xO4 is
300-800 nm. According to a previous study28, the particle size
between micrometer and nanometer ranges of electrode
materials is beneficial to improve cycle life, at the same time
decrease slightly reaction activation.

Electrochemical performance: The 10th charge-discharge
curves of LiAlxMn2-xO4 are shown in Fig. 4. All curves showed
a distinctive two-plateau feature which is a special characteristic
for spinel LiMn2O4. Kim et al.29 pointed out the upper plateau
of discharge curve assigned to two-phase equilibrium between
MnO2 and Li0.5Mn2O4, while the lower plateau represents an
equilibrium of Li0.5Mn2O4 and LiMn2O4.
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Fig. 4. The 10th charge curve for LiAlxMn2-xO4 samples at 0.2 C rate

It can be seen that pristine LiMn2O4 (no Al-dopant) and
LiAl0.2Mn1.8O4 (high Al-dopant) showed the lower discharge
capacity and their potential difference of charge and discharge
plateaus were bigger than those of LiAlxMn2-xO4 (0.02 ≤ x ≤ 0.1),
implying strong polarization for these two cathode materials30.
The LiAlxMn2-xO4 (0.02 ≤ x ≤ 0.10) showed the higher discharge
capacity and their potential differences of charge and discharge
plateaus were smaller than pristine LiMn2O4 (no Al-dopant)
and LiAl0.2Mn1.8O4 (high Al-dopant), indicating weak polari-
zation for the cathode material.

The cyclic performance of LiAlxMn2-xO4 samples at 0.2 C
rate was investigated at room temperature. Fig. 5 shows the
discharge capacity vs. cycle number of LiAlxMn2-xO4 (x = 0.02,
0.05, 0.08, 0.1 and 0.2). It can be evidently seen that the initial
discharge capacity of Al-doped (x ≤ 0.10) samples were higher
than that of pristine LiMn2O4 (98.1 mAh/g). The initial
discharge capacity of the LiAl0.08Mn1.92O4 cells reached 116.4
mAh/g and for LiAl0.02Mn1.98O4, LiAl0.05Mn1.95O4 and
LiAl0.10Mn1.90O4 samples were 107.1, 109.1 and 108.2 mAh/g,
respectively. But the high Al-doped LiAl0.20Mn1.80O4 (98 mAh/
g) was lower than pristine LiMn2O4, which is possibly due to
the distortion of LiMn2O4 unit cell resulting from doped Al.

The capacity retention (%) of all samples was listed in
Table-1. It can be concluded that Al can be improved this electro-
chemical property from 5 to 22 %. For example, pristine LiMnO4

reduced to 70.3 % after 40 cycles, while LiAl0.08Mn1.92O4,
remained 82.3 % after 40 cycles.
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Fig. 5. Cycle performance of LiAlxMn2-xO4 samples at 0.2 C rate

Cyclic voltammogram analysis: Typical 10th cyclic
voltammograms of LiAlxMn2-xO4 at a scan rate of 0.2 mV/s
are showed in Fig. 6. It can be seen that two pairs of clearly
separated peaks, which represent two redox reactions for
LiMn2O4, are located at around 3.85, 4.06 and 4.1, 4.25 V.
These results correspond to the typical two-step reversible
insertion/deinsertion processes of lithium ion. In the spinel
LiMn2O4, the oxygen ions form a cubic close-packed array,
tetrahedral (8a) sites31.
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Fig. 6. Cyclic voltammograms of LiAlxMn2-xO4 samples at the scanning
rate of 0.2 mV/s

The current peaks of Al-doped samples were also signifi-
cantly higher than that of pristine LiMn2O4, meaning that they
had higher electrochemical activity32. The electrochemical
activity could be affected slightly by Al content in samples,

(Fig. 6) that the current peak firstly increased and then
reduced with the increase of Al content and the LiAl0.05Mn1.95O4

gave the highest current peak. The onset of cathodic and anodic
current peaks of these LiAlxMn2-xO4 samples also occurred
negative and positive shift, respectively. These resulted indi-
cated doped Al could reduce electrochemical polarization of
LiMn2O4. Moreover, low potential differences of the two pairs
of redox reactions suggested better reversibility for the
samples.

Electrochemical impedance spectroscopy (EIS) analysis:

Nyquist plots of LiAlxMn2-xO4 samples obtained after 10 charge-
discharge cycles are shown in Fig. 7. The plot for every one
consists of a high-frequency semicircle and a low-frequency
linear segment. It can be seen that the semicircle diameter
(charge transfer resistance, Rct) firstly decreased and then
increased with increasing Al content from 0 to 0.2. Lower Rct

means easier insertion/extraction of Li+ in LiAlxMn2-xO4.
Among all samples, the Rct of LiAl0.08Mn1.92O4 reaches the
minimum value, which is possibly due to its lower lattice
parameter (Fig. 2).
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Fig. 7. Nyquist plots of electrodes of LiAlxMn2-xO4 samples obtained after
10 cycles at charged state

The low-frequency lines indicated that the electrode
processes are mainly controlled by diffusion. However, their
slopes are all higher than π/4, implying that there are other
rate-determining steps during diffusion. Comparing with
pristine LiMn2O4, Al-doped samples exhibited a low slope
closing to π/4. This result suggests that doped Al can suppress
the other rate-determining steps.

In this paper, LiAlxMn2-xO4 (x ≤ 0.20) submicron-sized
particles were fabricated by liquid-phase combustion synthesis
method at 500 °C for 3 h. The obtained powders were composed
of a main LiMn2O4 spinel phase and a little impurity Mn3O4

TABLE-1 
THE CAPACITY RETENTION RATE (%) OF LiAlxMn2-xO4 SAMPLES AT 0.2 C RATE 

x 0 0.02 0.05 0.08 0.1 0.2 
Initial discharge capacity (mAh/g) 98.1 107.1 109.1 116.4 108.2 98 
Discharge capacity after 40th cycle (mAh/g) 69 85.1 89.1 95.8 82.1 77.5 
The capacity retention rate (%) 70.3 79.5 81.7 82.3 75.9 79.1 
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phase except that LiAl0.08Mn1.92O4 had a single phase of
LiMn2O4. The cycle performance revealed that Al doping (x ≤
0.10) samples exhibited higher initial discharge capacity of
which LiAl0.08Mn1.92O4 was up to the highest value of 116.4
mAh/g and the highest retention of 82.3 % after 40 cycles.
The electrochemical tests (Change-discharge, CV and EIS)
revealed that the LiAl0.08Mn1.92O4 synthesized has the best
electrochemical performance.
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