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a b s t r a c t

To improve the cyclability of spinel LiMn2O4 in aqueous electrolyte, Al-doped LiAlxMn2−xO4 (x = 0.05,
0.1, 0.15) materials are prepared using a room-temperature solid-state grinding reaction followed by
calcination at different temperatures for different durations, respectively. Their phase structures and
morphologies are characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM)
techniques. Electrochemical performances of the materials are investigated by cyclic voltammetry and
galvanostatic charge/discharge methods. XRD results reveal that the crystallinity of the LiAl0.1Mn1.9O4

increases with increasing calcination temperature and calcination time. However, when the calcination
◦

luminum doping
olid grinding reaction
alcination
yclability
queous electrolyte

temperature is increased to 800 C, a small amount of Mn3O4 impurity phase is detected in the product
calcined for 12 h, due to the decomposition of LiAl0.1Mn1.9O4, while the product calcined for a shorter time
of 3 or 6 h is found to be LiAl0.1Mn1.9O4 single phase. TEM results confirm that the grain size of the materials
increases with increasing calcination temperature. Electrochemical experiments demonstrate that the
charge/discharge cyclability of the LiAl0.1Mn1.9O4 increases with increase in calcination temperature and

ed w
eciall
calcination time. Compar
improved cyclability, esp

. Introduction

Spinel lithium manganese oxide (LiMn2O4) with the merits of
bundant manganese resources, low cost and low toxicity, is a
ost promising candidate material for nonaqueous lithium ion

atteries [1,2]. However, its cyclic stability is poor in nonaque-
us electrolytes, especially at a higher temperature above 55 ◦C.
lthough the exact reason for this phenomenon has not been fully
nderstood yet, the possible reasons responsible for the quick
ading of capacity are generally believed to originate from three
spects [3,4]: (i) Jahn–Teller distortion of the cubic spinel struc-
ure of LiMn2O4 during discharging with increase in Mn3+ in the
tructure; (ii) gradually dissolution of Mn3+ to electrolyte via dis-
roportionation reaction; (iii) decomposition of organic solvent at
igher potentials. It has well been demonstrated that the cyclic
tability of LiMn2O4 could be improved by bulk-phase chemically
oping [3–11] or surface coating [12–15]. Several elements were
ound to be effective for doping, such as Al [3–5], Cr [6–8] and Ni

9–11] etc.

On the other hand, in 1994, Dahn and co-workers [16] first
eported an aqueous lithium ion battery based on LiMn2O4 posi-
ive electrode, VO2(B) negative electrode and 5 M LiNO3 aqueous

∗ Corresponding author. Tel.: +86 21 66134851; fax: +86 21 66132797.
E-mail address: abyuan@shu.edu.cn (A. Yuan).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.01.074
ith the pristine LiMn2O4, the Al-doped LiAlxMn1−xO4 show the obviously
y for the LiAl0.1Mn1.9O4 calcined at an elevated temperature for 12 h.

© 2010 Elsevier B.V. All rights reserved.

electrolyte. Thereafter, aqueous lithium ion batteries attracted the
interests of researchers gradually. There have been some electro-
chemical studies of LiMn2O4 in aqueous electrolytes [17–29], but
few studies are about doped LiMn2O4 [20,24]. One paper inves-
tigated the structure variation of the Al-doped LiAl0.15Mn1.85O4
during charge and discharge in a LiNO3 solution by in situ X-
ray diffraction (XRD) method [20]. Another paper studied the
cyclic voltammetric behavior of the Cr-doped LiCr0.15Mn1.85O4
electrode in a LiNO3 solution in comparison with that in non-
aqueous electrolyte [24]. However, the two studies did not report
constant-current charge/discharge performance and cyclic stability
of the doped LiMn2O4 electrodes in aqueous electrolytes.

Recently, we reported a comparative study on electrochemi-
cal performances of a nanostructured pristine (undoped) LiMn2O4
in 2 M Li2SO4 in comparison with those in different concentra-
tions of LiNO3 aqueous electrolytes [29]. The LiMn2O4 material
was prepared using a room-temperature solid-phase grinding reac-
tion starting with lithium acetate (LiOAc·2H2O), manganese acetate
(Mn(OAc)2·4H2O) and citric acid (C6H8O7·H2O) as raw materials,
followed by calcination at 500 ◦C for 12 h in air. The LiMn2O4
showed a high specific capacity as well as good cyclability in 5 M

LiNO3 solution, with 71.3% retention of the initial capacity after
1500 charge/discharge cycles at a high current rate of 1000 mA g−1.

In order to further improve the cyclic stability, in the
present work, a series of Al-doped LiAlxMn2−xO4 materials were
synthesized using the above mentioned solid-phase reaction

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:abyuan@shu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.01.074
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ethod starting with the reactants LiOAc·2H2O, Mn(OAc)2·4H2O,
l(NO3)3·9H2O and C6H8O7·H2O. This study focuses on the effects
f calcination temperature and calcination time on the structure
f the LiAl0.1Mn1.9O4 materials and their electrochemical perfor-
ances in 5 M LiNO3 aqueous solution, especially in respect to

ong-term charge/discharge cyclability at a high current rate in
omparison with the pristine LiMn2O4.

. Experimental

.1. Preparation of LiAl0.1Mn1.9O4 materials

Given amount of LiOAc·2H2O, Mn(OAc)2·4H2O, Al(NO3)3·9H2O
nd C6H8O7·H2O with a stoichiometric molar ratio of
.0:1.9:0.1:3.0 were mixed in a mortar, and a given amount
5 wt% of total weight of the mixture) of polyethylene glycol
PEG-200) was added to the mixture. The mixture was ground
ver at room temperature. In the grinding process, the crystalline
ater in the starting reactants was released gradually, getting the
ixture wet. Ground well for about 1 h, a viscous substance was

btained. The viscous substance was dried at 120 ◦C for 4 h in a
rying box and then ground again to fine powder (precursor). The
recursor was calcined in air at different temperatures for different
urations (at 400, 500, 600 and 700 ◦C, respectively, for 12 h; at
00 ◦C for 3, 6 and 12 h, respectively). After cooled to ambient
emperature, the LiAl0.1Mn1.9O4 materials were obtained. In addi-
ion, for comparison, the LiAl0.05Mn1.95O4 and LiAl0.15Mn1.85O4

aterials calcined at 700 ◦C for 12 h, and the pristine LiMn2O4
aterials calcined at 700 ◦C and 800 ◦C respectively for 12 h, were

lso prepared using the same method.

.2. Thermal analysis of precursor and characterization of
iAl0.1Mn1.9O4 materials

Thermogravimetric and differential scanning calorimetric anal-
sis (TG–DSC) of the gel precursor of LiAl0.1Mn1.9O4 was performed
n a Netzsch STA-409PG/PC differential scanning calorimeter (Ger-
any) with a sample mass of 11.6 mg. The TG and DSC curves were

ecorded in a static atmosphere at a heating rate of 10 ◦C min−1

rom room temperature to 900 ◦C. X-ray diffraction analysis of the
iAl0.1Mn1.9O4 materials was conducted on a Rigaku D/max-2000
-ray powder diffractometer (Japan) with a Cu K� radiation (40 kV,
00 mA) scanned over the 2� range of 10–90◦. Morphology obser-
ation of the LiAl0.1Mn1.9O4 products was carried out using a JEOL
EM-200CX transmission electron microscope (TEM, Japan).

.3. Preparation and electrochemical testing of LiAl0.1Mn1.9O4
lectrodes

The LiAl0.1Mn1.9O4 electrodes were prepared as follows:
iAl0.1Mn1.9O4 active material, acetylene black conductor and poly-
etrafluoroethylene binder (PTFE emulsion) with the mass ratio
f 75:20:5 were mixed completely to form slurry. The slurry was
oated onto a titanium mesh current collector with an apparent
rea of 1 cm × 1 cm, and dried at 80 ◦C for 12 h and finally roll
ressed to ca. 0.6 mm thick. Other test electrodes were prepared
ith the identical procedure.

Electrochemical tests of the LiAl0.1Mn1.9O4 electrodes and the
ther test electrodes were performed with a three-electrode cell,
n which a LiAl0.1Mn1.9O4 electrode (or other test electrode), an

ctivated carbon electrode, and a saturated calomel electrode (SCE)
ere served as the working electrode, the counter electrode, and

he reference electrode, respectively. Aqueous solution of 5 M
iNO3 was used as the electrolyte. Cyclic voltammetry experiments
ere carried out using a Solartron 1287 Electrochemical Interface
Fig. 1. TG–DSC curves of LiAl0.1Mn1.9O4 precursor.

coupled with a 1255B Frequency Response Analyzer (England). Gal-
vanostatic charge/discharge tests were performed using a LAND
CT2001A auto-cycler (China). All the work was done at the tem-
perature of 30 ◦C.

3. Results and discussion

3.1. TG–DSC analysis of precursor

Fig. 1 shows the TG and DSC curves of the LiAl0.1Mn1.9O4 precur-
sor. The weight loss prior to ca. 180 ◦C along with an endothermic
peak should be attributed to the removal of a small amount of water
in the gel precursor. The weight loss in the temperature range of
ca. 180–340 ◦C should be ascribed to the decomposition of organic
and inorganic acid radicals in the gel polymeric network. Corre-
spondingly, a strong endothermic peak can be observed around
210 ◦C in the DSC curve. The quick weight loss in the temperature
range of 340–360 ◦C can be assigned to the oxidative combustion of
organic acid radicals along with a corresponding strong and sharp
exothermic peak in the DSC curve. In the meanwhile, lithium man-
ganese oxide is formed gradually in this stage. The weight loss
from 360 to 700 ◦C should be the continuous oxidation of resid-
ual organic acid radicals along with a wide exothermic peak. As
can be seen, no weight loss in the range of ca. 700–800 ◦C, sug-
gesting that LiAl0.1Mn1.9O4 is thermostable prior to 800 ◦C. The
slow and slight weight loss over 800 ◦C should be attributed to the
decomposition of LiAl0.1Mn1.9O4. The above results suggest that the
LiAl0.1Mn1.9O4 would be formed at ca. 340–360 ◦C and completed
at ca. 700 ◦C. However, the LiAl0.1Mn1.9O4 tends to decompose at
ca. 800 ◦C. Hence, in the present study, the LiAl0.1Mn1.9O4 materials
were prepared in the calcination temperature range from 400 ◦C to
800 ◦C.

3.2. Structure characterization and morphology observation

Fig. 2(a) shows the XRD patterns of the LiAl0.1Mn1.9O4 materials
obtained at different calcination temperatures for 12 h. Fig. 2(b) is
the selective enlargement of Fig. 2(a). As can be seen in Fig. 2(a),
the diffractions at 2� = 18.7◦, 36.2◦, 37.9◦, 44.0◦, 48.2◦, 58.2◦, 64.1◦,
67.0◦, 75.6◦, 76.8◦, 80.6◦ and 83.7◦ are the characteristic diffractions
of the cubic spinel LiMn2O4 with Fd3m space group (PDF 35-0782).
In addition, for the sample obtained at 500 ◦C calcination, a very

◦
weak diffraction at 33.0 can be observed, which corresponds to the
strongest characteristic diffraction peak of Mn2O3 (PDF 78-0390).
This suggests that the material contains trace amount of Mn2O3
impurity. In fact, in our previous study [29], the pristine LiMn2O4
material obtained under the same conditions contains also trace
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Fig. 2. XRD patterns (a) and their selective enlargements (b) of

mount of Mn2O3 impurity. The sample obtained at 800 ◦C presents
hree weak diffractions at 29.0◦, 32.5◦ and 60.0◦, respectively, cor-
esponding to the several strongest characteristic diffractions of
n3O4 (PDF 80-0382), suggesting the presence of a small amount of
n3O4 impurity. As can be seen, when the calcination temperature

s gradually increased from 400 ◦C to 700 ◦C, the diffraction intensi-
ies of the spinels are also increased, and the diffraction peaks shift
o lower angles. These suggest that the crystallinity and grain size of
he spinel crystal increase with increasing calcination temperature.
owever, when the temperature is further increased to 800 ◦C, the
eak intensities are lower than those of the 700 ◦C derivate. This

s because that calcination at the high temperature of 800 ◦C for a
ong time will lead to partial decomposition of LiAl0.1Mn1.9O4 to

n3O4, and result in a reduced relative amount of LiMn2O4 phase
n the material. In addition, for the pristine LiMn2O4, when the cal-
ination temperature is increased from 700 ◦C to 800 ◦C, a small
mount of Mn3O4 impurity phase and the reduced characteristic
iffraction intensities can be also observed in the XRD pattern of
he 800 ◦C calcined product (data not shown), which are similar to
he Al-doped spinel. Besides, as can be seen in Fig. 2(b), the diffrac-
ions of the LiAl0.1Mn1.9O4 shift toward lower 2� angles gradually
hen the calcination temperature is increased from 500 to 800 ◦C,

uggesting an increase in lattice constant. Table 1 lists the lattice
onstants and unit cell volumes of the LiAl0.1Mn1.9O4 materials cal-
ined at different temperatures for 12 h, which are obtained by cell
efinement using the XRD data.

Comparing the XRD pattern of the present LiAl0.1Mn1.9O4 cal-
ined at 500 ◦C with that of the prior pristine LiMn2O4 obtained
nder the same conditions [29], we will see that Al-doping shifts the
iffractions of LiMn2O4 toward larger 2� angles, and correspond-

ngly, the lattice constant a is decreased from 8.2756 to 8.2139 Å. It
s well known that LiMn2O4 takes the face-centered cubic frame-

ork of spinel structure with Fd3m space group, in which the Li+
3+ 4+
ons occupy the tetrahedral 8a sites, while the Mn , Mn (and the

oping Al3+) ions reside at the octahedral 16d sites, and the O2− ions
re located at the 32e sites. For simplicity, the spinel LiAl0.1Mn1.9O4
an be expressed as [Li+]8a[Al3+

0.1Mn3+
0.9Mn4+]16d[O2−

4]32e [3,30].
he radii of Al3+, Mn3+ and Mn4+ are 0.053, 0.066 and 0.060 nm [31],

able 1
attice constants and cell volumes of LiAl0.1Mn1.9O4 materials calcined at different
emperatures for 12 h.

Temperature (◦C)

400 500 600 700 800

Lattice constant (a) (Å) 8.2223 8.2139 8.2232 8.2328 8.2357
Cell volume (Å3) 555.88 554.18 556.05 558.02 558.61
1Mn1.9O4 materials calcined at different temperatures for 12 h.

respectively. Because the radius of Al3+ is smaller than that of Mn3+,
the partial substitution of Al3+ for Mn3+ can induce lattice contrac-
tion, resulting in a decreased lattice constant, and hence shifts the
diffractions toward larger 2� angles.

Fig. 3(a) shows the XRD patterns of the LiAl0.1Mn1.9O4 materi-
als obtained at the calcination temperature of 800 ◦C for different
durations. Fig. 3(b) is the selective enlargement of Fig. 3(a). As can
be seen in Fig. 3(a), no significant difference could be observed
between the XRD patterns of the LiAl0.1Mn1.9O4 materials calcined
for 3 and 6 h. However, the diffraction intensities of the product
calcined for 12 h are obviously lower than those of the 3 and 6 h
derivates, due to the presence of Mn3O4 phase. In addition, it can be
seen from Fig. 3(b) that with increase in calcination time, the char-
acteristic diffractions shift toward smaller 2� angles, indicating an
increase in lattice constant (see Table 2).

TEM photographs of the LiAl0.1Mn1.9O4 materials obtained at
different calcination temperatures for different durations are dis-
played in Fig. 4. It can be seen from Fig. 4(a)–(d) that under
the condition of 12 h calcination, the grain size and crystallinity
increase with increasing calcination temperature, which is in
agreement with the XRD results. Besides, the agglomeration of crys-
tallites becomes more notable, especially for the material calcined
at 800 ◦C for 12 h. As can be seen in Fig. 5(e), the material calcined
at 800 ◦C for a shorter time of 6 h shows a regular crystal form with
noticeable edges and corners, and its grain size is obviously larger
than that of the material calcined at 700 ◦C for 12 h.

3.3. Electrochemical performance

Fig. 5 shows the cyclic voltammographs (CVs) of the
LiAl0.1Mn1.9O4 electrodes derived from different calcination tem-
peratures for 12 h. The CVs are recorded at a scan rate of 1 mV s−1

in 5 M LiNO3 solution, and the current data in A g−1 are calculated

based on the mass of the LiAl0.1Mn1.9O4 active material. As can
be seen, the 800 ◦C calcined material exhibits two distinct couples
of oxidation and reduction, which are similar to that of LiMn2O4
in nonaqueous electrolytes [32,33]. The abstraction and insertion

Table 2
Lattice constants and cell volumes of LiAl0.1Mn1.9O4 materials calcined at 800 ◦C for
different durations.

Calcination time (h)

3 6 12

Lattice constant (a) (Å) 8.2187 8.2228 8.2357
Cell volume (Å3) 555.15 555.98 558.61
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Fig. 3. XRD patterns (a) and their selective enlargements (b) o

eaction of the LiAl0.1Mn1.9O4 electrode can be expressed as

iAl0.1Mn1.9O4 � Li1−xAl0.1Mn1.9O4 + xLi+ + xe−

he two couples of redox waves should be attributed to Li+ ions
bstraction from and insertion into the two different lattice sites
n the spinel [34]. While, the two couples of redox waves for the
lectrodes derived from lower calcination temperatures seem to
e overlapped. The presence of the two distinct couples of redox
aves for the 800 ◦C derived material is likely attributed to the
igh crystallinity. From 400 ◦C to 700 ◦C, the current response

ncreases gradually with increasing temperature, suggesting an
ncreased electrochemical activity (or specific capacity) of the

aterials obtained at an elevated calcination temperature. This
esult is similar to the reported electrochemical performances
f the Pechini-derived nanocrystalline LiMn2O4 materials (cal-
ined at different temperatures) in nonaqueous electrolyte [35].
owever, when the temperature is further increased from 700 ◦C

o 800 ◦C, the current response is obviously decreased owing to
he Mn3O4 formation. Nevertheless, the 800 ◦C calcined material
xhibits excellent cyclic stability (see Fig. 11).

Calcination at 800 ◦C seems to be of benefit to better cyclic
tability, but on the other hand, calcination at this high temper-
ture for a long time will result in lower specific capacity due to
he partial decomposition of LiAl0.1Mn1.9O4. In order to obtain a
iAl0.1Mn1.9O4 material with high specific capacity as well as good
yclic stability, two materials calcined at 800 ◦C for a shorter time of
and 6 h, respectively, were also prepared and electrochemically

ested. As can be seen in Fig. 6, the CVs of the materials calcined
t 800 ◦C for different durations are different. The two couples of
edox waves become more distinguishable gradually as the calci-
ation time is increased. This suggests that longer calcination is in

avor of obtaining a material with higher crystallinity. However,
he current of the electrode derived from 12 h calcination is much
ower than that of the 3 and 6 h derivates. From the XRD, TEM and
V results, it follows that calcination at 800 ◦C for 6 h is of benefit
o obtaining a LiAl0.1Mn1.9O4 material with high crystallinity and
igh specific capacity.

Fig. 7 shows the current–rate dependence of discharge spe-
ific capacities of the LiAl0.1Mn1.9O4 electrodes derived from
ifferent calcination temperatures for 12 h. The electrodes are
harge/discharge cycled in the operating potential range of

.2–1.3 V (SCE) at various current rates of 500, 600, 700, 800, 900
nd 1000 mA g−1, respectively. As can be seen, the specific capac-
ties of the electrodes at any a current rate follow the order of
00 ◦C > 600 ◦C > 500 ◦C > 400 ◦C > 800 ◦C. This is consistent with the
V results in Fig. 5. However, the rate capability of the electrode
.1Mn1.9O4 materials calcined at 800 ◦C for different durations.

derived from the higher calcination temperature of 700 ◦C or 800 ◦C
is a little poor than that of the others. This may be ascribed to their
larger grain sizes. Nevertheless, in general, all the electrodes exhibit
good rate capability. For example, from 500 to 1000 mA g−1, the
specific capacity of the 700 ◦C derived electrode is decreased from
122.3 to 108.1 mAh g−1, i.e., decreased only by 11.6%.

Fig. 8 shows the rate capabilities of the LiAl0.1Mn1.9O4 elec-
trodes derived from calcination at 800 ◦C for different durations.
As can be seen, the specific capacities of the electrodes follow
the order of 3 h > 6 h > 12 h. The corresponding charge/discharge
curves at the current rate of 500 mA g−1 are shown in Fig. 9, where
two charge/discharge plateaus could be observed, corresponding
to the two redox waves in the CV curves. In addition, the two
plateaus become more distinguishable with increasing calcination
time, which is in agreement with the CV results in Fig. 6.

Fig. 10 shows the cycle performances of the LiAl0.1Mn1.9O4 elec-
trodes derived from different calcination temperatures for 12 h. The
electrodes are charge/discharge cycled at the high current rate of
1000 mA g−1 over the potential range of 0.2–1.3 V (SCE). As can
be seen, the initial specific capacities of the electrodes increase
with increasing calcination temperature, and the 600 ◦C and 700 ◦C
derivates show obviously higher initial specific capacities than the
400 ◦C and 500 ◦C derivates. Besides, the cyclic stability increases
gradually with increase in calcination temperature. About 70% of
initial capacity is retained after 1100, 1800, 2700 and 4600 cycles
for the materials calcined at 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C,
respectively. In addition, it is worthy to note that the initial spe-
cific capacity of the LiAl0.1Mn1.9O4 calcined at 500 ◦C in the present
study is a little lower than that of the pristine LiMn2O4 prepared
under the same conditions in our prior work [29], but the cyclic
stability of the Al-doped LiAl0.1Mn1.9O4 is superior to that of the
pristine LiMn2O4. Theoretically, the capacity of a doped LiMn2O4
is in proportion to the concentration of Mn3+ in the spinel [30].
Hence, a partial substitution of Al3+ for Mn3+ will result in a
decreased capacity. The improved cyclic stability of the Al-doped
spinel should be attributed mainly to the suppression of Jahn–Teller
distortion of the cubic spinel with a decreased Mn3+ in the structure.

The cycle performances of the LiAl0.1Mn1.9O4 electrodes derived
from calcination at 800 ◦C for different durations are shown in
Fig. 11. For comparison, the cycle performance of the pristine
LiMn2O4 calcined at 800 ◦C is also placed in Fig. 11. As can be
seen, the initial specific capacities of the LiAl0.1Mn1.9O4 electrodes

decrease with increasing calcination time. Although the electrode
derived from 3 h calcination shows a higher initial specific capac-
ity, its cyclic stability is poor. Whereas, the electrode derived from 6
and 12 h calcination, respectively, exhibit far prolonged cyclic sta-
bility, especially for the 12 h derivate. After 1600, 5300 and 8000
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Fig. 4. TEM photographs of LiAl0.1Mn1.9O4 materials calcined at different temperatures for different durations. (a) 500 ◦C, 12 h; (b) 600 ◦C, 12 h; (c) 700 ◦C, 12 h; (d) 800 ◦C,
12 h; (e) 800 ◦C, 6 h.

Fig. 5. CVs of LiAl0.1Mn1.9O4 electrodes derived from calcination at different tem-
peratures for 12 h.

Fig. 6. CVs of LiAl0.1Mn1.9O4 electrodes derived from calcination at 800 ◦C for dif-
ferent durations.
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Fig. 7. Rate capabilities of LiAl0.1Mn1.9O4 electrodes derived from different calcina-
tion temperatures for 12 h.

F
8

c
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Fig. 10. Cycle performances of LiAl0.1Mn1.9O4 electrodes derived from different cal-
cination temperatures for 12 h at a current rate of 1000 mA g−1.
ig. 8. Rate capabilities of LiAl0.1Mn1.9O4 electrodes derived from calcination at
00 ◦C for different durations.

harge/discharge cycles, capacity retentions of 70.0%, 72.2% and
5.6% are achieved for the electrodes derived from 3, 6 and 12 h
alcination, respectively. It is evident that the cyclic stability of the
aterial calcined for 12 h is superior to that of the material calcined
or 6 h, but the specific capacity of the former is lower than that of
he latter due to the presence of Mn3O4 impurity. The increased
yclic stability with increasing calcination temperature and calci-
ation time may be attributed to the higher crystallinity and larger

ig. 9. Charge/discharge curves of LiAl0.1Mn1.9O4 electrodes derived from calcina-
ion at 800 ◦C for different durations at a current rate of 500 mA g−1.
Fig. 11. Cycle performances of LiAl0.1Mn1.9O4 and LiMn2O4 electrodes derived from
calcination at 800 ◦C for different durations at a current rate of 1000 mA g−1.

crystal size of the material calcined at an elevated temperature for
a prolonged time. Compared with the pristine LiMn2O4 calcined at
800 ◦C for 12 h, the cyclic stability of the LiAl0.1Mn1.9O4 calcined at
800 ◦C for 12 h is much improved. This further confirms the positive

effect of Al-doping on the cyclability.

Fig. 12 shows the cycle performances of the LiAlxMn2−xO4 cal-
cined at 700 ◦C for 12 h. Compared with the pristine LiMn2O4,
Al-doping can remarkably improve the cyclability, and the

Fig. 12. Cycle performances of LiAlxMn2−xO4 electrodes derived from calcination at
700 ◦C for 12 h at a current rate of 1000 mA g−1.
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