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Abstract

Aluminum-doped spinel-type LiMiO, cathode active materials have been synthesized by a microwave-assisted sol—gel method. The
influence of synthesis conditions on the structural and electrochemical properties §fMiAl,O, was investigated by thermo-gravimetric
analysis (TGA), X-ray diffraction (XRD), scanning electron microscopy (SEM), and charge/discharge experiments. The powders resulting from
the microwave-assisted sol-gel method with good crystallinity and cubic spinel shapes deliver an initial discharge capacity of 120 mAhg
present excellent rate capability, and the Coulombic efficiency of it almost approaches 99% after 30 cycles. These advantages make it
attractive particularly for a practical application. In addition, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
were employed to characterize the reactions of Li ion insertion into and extraction frogyMA] 4O, electrodes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Although LiMn,O4 has some merits, it still has difficulty
for practical application, owing to severe capacity fading.
Rechargeable lithium-ion batteries have become a com-The reason why spinel LiMi©D4 shows capacity loss dur-
mercial reality in recent years. They are incorporated in a ing cycling is not identified clearly yet, and several possible
multitude of mobile electronic equipments. The global pro- sources are suggestpt-7], such as Jahn—Teller distortion,
jections for the marketing of portable electronic devices with lattice instability, manganese dissolution, electrolyte decom-
extraordinary capabilities create a very strong driving force position, and so on. To overcome capacity fading, the man-
for R&D of light, efficient, environmentally friendly, and ganese site was replaced by some of transition metals, such as
cheap rechargeable lithium-ion batterjg2]. Co[8], Ni[8,9], Fe[8,10], Cr[10,11] Zn[12], Cu[13], etc., tO
Currently, the choice for the cathode material is LiGpO  enhance structural stability. Since the aluminum is abundant,
which although has good capacity and recharge-ability, suf- less expensive, and lighter than the transition metal group,
fers from the high cost and environmental toxicity of cobalt Al-substituted LiMpOy4 is expected to be a cathode material
[3]. Consequently, much effort has been put into developing with lower cost than transition metals substituted L.
alternatives. At present, the materials most likely to succeed Furthermore, many researchdil—-16] have reported the
in future commercial applications are LiM@, and related lithium intercalation properties of LIAMn2_,Oa. It suggests
derivatives due to the low cost and nontoxicity of manganese, that Al-doped LiMpO4 showed relatively good cycling per-
S0 an intensive research of that has been underway in recentormances.
years[4,5]. There are other factors that influence the quality of
LiMn 204 powders used for lithium secondary batteries, such
as particle size and surface morphol§8ly However, itis dif-
* Corresponding author. Tel.: +86 931 891 2517; fax: +86 931 891 2582. ficult to control such factors using a conventional solid-state
E-mail address: lihl@Izu.edu.cn (H.-L. Li). reaction, which consists of extensive mechanical mixing and
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extended grinding process that are detrimental to the qual-radiation ¢ = 1.54056A) operating at 50.0 kV and 200.0 mA.

ity of the final product. In order to solve this problem, a SEM (JSM-5600LV, Japan)was used to observe the morphol-
sol-gel method has been introdudéd, 18] Yet, it does not ogy of the products.

appear to be greatly advantageous over the solid-state reac-
tion in terms of long reaction time. Recently, a novel method, 5 3 grectrochemical measurements
known as the microwave synthesis method, was developed to

prepare cathode materials for lithium-ion battgr§—21] In Powders of the as-prepared cathode materials were
the microwave irradiation field, since the microwave energy mixed with 15wt% acetylene black. Five weight percent
is absorped directly by the bulk.of the h.ea'ted object, uniform of polyvinylidene fluoride (PVDF) binder dissolved iv-
and rapid heating can be achieved vx_nth_m several m'”“tes-methyl pyrrolidone (NMP) was added until a slurry was
Therefore, the reaction time can be significantly decreased.gptained. The slurry was pasted on aluminum foil followed
With these considerations, an improved sol-gel method, thatby drying under vacuum at 10€ for 24 h. The cell con-
is microwave-assisted sol-gel method, has been used to syngjsted of the cathode, Li metal as the anode, and an electrolyte
thesize posmve electrode materials in this work. N of 1M LiPFg in a 1:1 (v/v) mixture of ethylene carbonate
In this study, an attempt was made to stabilize the (£c) and dimethyl carbonate (DMC). Celgard 2400 mem-
spinel structure by improving the synthesis method. The prane was used as the cell separator. The assembly of the
LiMn20,4 partly substituted the manganese site with one cg||s was conducted in an Ar-filled glove box. The cells were
of the typical elements, aluminum, was successfully pre- charged and discharged from 3.0 to 4.4V at a current rate
pared by microwave-assisted sol-gel method. The physicalyf ¢/3, except where otherwise specified, on Land CT2001A
characteristics and electrochemical properties of the Sy”the'(China). Cyclic voltammetry measurements of the prepared
sized products were investigated in detail. The results havepowders were performed in the voltage range 3.0-4.5V at
indicated that the obtained Li4hMn1 904 Shows good per- 5 scan rate of 0.1 mv4. The electrochemical impedance
formance as the lithium-ion batteries cathode material. measurements were carried out by applying 100kHz to
0.01Hz frequency ranges with acoscillation amplitude of
. 5mV. Both of the latest two electrochemical measurements
2. Experimental were done using a CHI760 model Electrochemical Worksta-

tion (CH Instruments).
2.1. Materials preparation

All Fhe chemica_ll reagents useq ?n the experiments Were 3 Results and discussion
analytical grade without further purification. LigddMn1 904
powders were synthesized by microwave-assisted sol-gel; ; 764 and XRD studies
method using citric acid as a chelating agent. A stoichio-
metric amount of lithium acetate [Li(Cjﬂ:OO)ZH;O], The thermal properties of the obtained L{AMN; gO4
manganese acetate [Mn(@EBOO0)-4H,0], and aluminum  recyrsor and the sample prepared by microwave-treated
nitrate [AI(NOs)-9H20] were dissolved in distilled water 54 min were studied using TG analysig. 1a displays the

and mixed with aqueous solution of citric acid. The result- 1 cyrve for the LiAb.1Mn1 oO4 precursor. It shows a first
ing solution was mixed with continuous magnetic stirring ' '

at 90°C until a clear viscous gel occurs. The obtained pre-
cursor was preserved under vacuum at 40For 12h to
eliminate water adequately and thenwas placed in microwave | - b
oven. The microwave power operated at 100% (650 W) for
20 min. After the microwave treatment, the samples were
sintered at 750C for 10 h, followed by cooling to room
temperature slowly. In addition, LifAhMn1 904 was also
prepared following the same procedure without microwave
treatment for comparison (that is, traditional sol—-gel
method).

50 A
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2.2. Structure and morphology characterization
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Thermo-gravimetric analysis (TGA) was performed on
Temperature (°C)

Setarm TGDTA92A with-Al 2,03 as the reference substance
i in—1

at a heating rete of 1T min ; The_ structure of products Fig. 1. The thermo-gravimetric analysis curves for (a) the .iMn1 904

was characterized by X-ray diffraction (XRD). XRD datum precursor and (b) the LidkMn1gOs obtained by microwave-treated

were collected by MAC M18XCE diffractometer with CuxK 20 min.
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The lattice constant of LiAliMn1904 obtained by
microwave-assisted sol-gel method, which is on the basis of a
least square refinement program, is calculated to be #216
The value is a little smaller than 8.24%f the standard spinel
LiMn 204.

Several researchers have also demonstrated that the
1 Il Y aluminum-doped compounds have cubic spinel structure.
Due to the smaller ionic radii of aluminum ions @4]
L | | b 0.53A) than manganese ions (M) 0.66A; Mn4*, 0.60A)
. [24], the substitution manganese with aluminum results in

shrinkage of the unit cell volume. In addition, the bond-

L) . % jl ! v a ing energy of A-O (512 kJmotl) is stronger than that of
1 1 1 1 1 1 the Mn—O (402 kJ mai') bond, which enhances the stabil-
020 04050 60 oo 80 ity of the spinel structure during insertion and deinsertion

/d - .
2/ degree of lithium [3,24], and decreases the capacity loss of the

Fig. 2. The XRD patterns of LiAJ:Mn; ¢O4 obtained by different heat-  LI/LIAl 0.1Mn1.904 cells after many cycles.
treated methods and processes. (a) The diMn;9O4 obtained by

microwave-treated 20 min, (b) the LiglMn; ¢O4 obtained by microwave- 3.2. SEM studies

assisted sol-gel method, and (c) the lgfin; 9O4 prepared by traditional
sol—-gel method (key#*) Mn,Ogs, (#) unidentified phase).

Intensity (a.u.)

Fig. 3 shows the scanning electron microscope (SEM)
images for the LiAb1Mn1.904 synthesized by traditional
weight loss 0~9.5% around 141C, which is attributed to  sol-gel and microwave-assisted sol-gel method. Comparing
the evaporation of residual water. The second weight loss Fig. 3a with b, there is a significant difference between the
of ~9.6% is around 213C, which is due to the removal of
chemically bound water in the sample. The third step weight
loss of 49.9% around 30@ corresponds to the decomposi-
tion of organics and the formation of Li&diMn1 9O4 phase.

The weight loss between 400 and 7@is very little. This
behavior implies that the formation of LiftMn1 ¢O4 phase

is completed at this stag€ig. 1b shows the TG curve for
the LiAlp.1Mn;.¢O4 obtained by microwave-treated 20 min,
which indicates that the weight loss is very little during
the whole heating process. It is ascribed to most of the
LiAl 9.1Mn1 904 spinel phase has been formed during the
microwave-treated process.

Fig. 2illustrates the XRD patterns of the LifMn1 904
synthesized by different methods. The powder obtained
by microwave-treated 20 min has transformed into cubic
spinel structure (this is in agreement with the TG analy-
sis above), however, the impurity peaks of My (marked
by + ) and other unidentified phase (marked by #) also
retained in the spinel LMO phase. Probably, large amount
of carbon contents in the precursor (lithium acetate, man-
ganese acetate, and citric acid) tend to reduce manganese
ions during microwave-treated process and favors the for-
mation of Mn,Os impurities [22,23] After further sinter-
ing for 10 h, the impurity MpOs phase completely disap-
peared and the powder crystallized into pure cubic spinel
structure as indicated byig. 2b. Fig. 2c displays the
XRD patterns of the LiAd.1Mn1.904 obtained by traditional
sol-gel method. Evidently, it exhibits striking similarity
to those of the LiAd1Mn; 904 prepared by microwave-
assisted sol-gel method. All of the diffraction peaks were
assigned to the spinel compound. The result is in good Fig. 3. SEMimages of the LiAliMn1 9O4 obtained by microwave-assisted
accordance with the standard spectrum (JCPDS, Card NO.so_gel method (a) and the LigtMn; 404 obtained by traditional sol—gel
35-0782). method (b).
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two samples. The particles of LifiMn1 904 obtained by
microwave-assisted sol-gel method are distributed uniformly
and have good cubic structure shapes. The well-dispersed par-
ticles are the result of the treatment of microwave as reported
by literature[25], because the microwave heated not from
the outside but from the inside of the precursor and thus pro-
vided a uniform heating environment which shortened the
synthesizing time and overcame the agglomeration of parti-
cles. Such kind of morphology is very important to both the
high specific capacity and good cyclability of the materials
[25,26]

3.3. Electrochemical properties

In order to study the influence of different synthesis
methods on the cycle behavior, the cells were tested at a
charge/discharge current rate @3 between 3.0 and 4.4 V.
The variations of the discharge capacity with the cycle num-
ber for LiAlg.1Mn1 904 powders prepared under different
synthesis conditions are shown kig. 4. For the sample
obtained by microwave-treated 20 min, the discharge capac-
ity is relatively low and fades very fast. However, when
it was calcined at 750C for 10 h, the discharge capacity
increased significantly and the cycling behavior of the pow-
ders became much better. This is probably explained as that
the microwave treatment, which delivers an impure Li-Mn—-O
spinel with Mn,O3 phase (this can be confirmed by XRD
analysis), during cycling, the unit cell of the incomplete
growth LiAlg.1Mn1.904 crystallites will distort, so its capac-
ity decreased rapidly. After following sintering for 10 h, the
LiAl 9.1Mn3 904 has a very well order Li-Mn—0O spinel with-

Coulombic Efficiency (% )

Coulombic Efficiency (%)

out any other impure phases, hence, its capacity increase (®)

significantly. Comparingrig. 4a with b, the LiAp.1Mn1 ¢O4
prepared by microwave-assisted sol-gel method presente
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d:ig. 5. The Coulombic efficiency for charge/discharge as a function of
cycle number for the LiAJ1Mn1 9O4 obtained by different methods. (a)
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(b) the LiAlp.1Mn1 9O4 prepared by traditional sol-gel method.

a higher discharge capacity and better capacity retention
than that of the LiAb1Mn1904 obtained by traditional
sol-gel method. The result indicates the samples obtained by
-y microwave-assisted sol—gel have a better crystallinity (due to
LS the limit resolution of XRD method, this cannot be seen from
XRD) and regular morphology.

The Coulombic efficiency for charge/discharge as a func-

tion of cycle number is shown iRig. 5. It can be found that
the Coulombic efficiency increases with growth of cycle num-
bers for the two samples, which indicates that the reversibility
of charge/discharge increases. At the 30 cycles, the Coulom-
bic efficiency almost approaches 99% for the lgAWMNn1 gO4
prepared by microwave-assisted sol-gel method and 94% for

the sample obtained by traditional sol-gel method, respec-

Fig. 4. The typical discharge capacity versus the cycle number for
the LiAlp1Mn;1 904 obtained by different synthesis conditions. (a)

LiAl 9.1Mn1 9gO4 obtained by microwave-assisted sol-gel method, (b)
the LiAlg1Mn; 904 prepared by traditional sol-gel method, and (c)

LiAl 9.1Mn1 904 obtained by microwave-treated 20 min.

tively. It is well known that Coulombic efficiency is an
important index in assessing the quality of lithium-ion bat-
tery. Therefore, the results obtained above further confirm
that microwave-assisted sol-gel method appears to be a bet-
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Fig. 6. The charge/discharge curves of the kif¥In1 9O, obtained by
microwave-assisted sol-gel method’#b, C/3, and Z'/3.

ter alternative to the traditional sol-gel method for preparing
lithium-ion battery cathode materials. Hence, further tests
were focused on the LigliMn1 ¢O4 prepared by microwave-
assisted sol-gel method in this study.

Fig. 6displays the voltage versus specific discharge capac-
ity profiles of the Li/LiAlp.1Mn1 ¢O4 cell discharged at differ-
ent current rates(/6, C/3, and Z/3). It exhibits remarkable
rate capability. The @/3 discharge capacity is 93% of that
discharged at’/6. Because a high rate discharge capability
is one of the most important electrochemical performances
in the application of electrode and batt¢?y], the excellent
rate capability of the sample makes it attractive particularly
for a practical application.

The cyclic voltammogram of the sample is displayed in
Fig. 7. The anodic and cathodic peaks observed in the CV
of the LiAlg.1Mn1 904 powder exhibits reversible oxidation
and reduction reactions corresponding to Li extraction and
insertion. The split of the redox peaks into two couples indi-

cates that the electrochemical reactions of the insertion and

extraction of Li ion proceed in two stag¢$8,28] In the
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Fig. 7. The cyclic voltammogram of LigliMn; 904 obtained by
microwave-assisted sol-gel method at a 0.1 m¥/scan rate.
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spinel LiAlp.1Mn1 ¢O4, Liions occupy tetrahedral sites (8a),
Mn3*, Mn** ions and little amount of A reside at the octa-
hedral sites (16d), and? ions locate at 32e site®9].

The oxygen ions form a cubic close-packed array, tetrahe-
dral sites (8a) share face with vacant octahedral sites (16c¢),
and so that they form a three-dimensional vacant channels.
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Fig. 8. Typical EIS of the Li/LiAb.1Mn1 904 cell and the equivalent circuit
used to fit the EIS.
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Li ions can intercalate/deintercalate through these channelsing microwave-treated process. Electrochemical test of the

during the electrochemical reactif@3]. The first oxidation as-prepared samples as cathode for Liion batteries has shown

peak at approximately 4.09V is attributed to the removal of that further sintering improved significantly the quality of

Li ions from half of the tetrahedral sites, whereas the sec- LiAl g.1Mn1 904, which displays excellent rate capability,

ond oxidation peak at approximately 4.22 V is thought to be high Coulombic efficiency, and good reversibility. All of

due to the removal of Li ions from the remaining tetrahedral these above-mentioned make it attractive particularly for a

sites. practical application. Future research to optimize the compo-
A typical EIS of the Li/LiAlg.1Mn1.¢O4 half-cell is shown sition and sintering time, particularly to further increase the

in Fig. 8 As could be seen from the plots, in most of voltage cyclability is currently in progress.

range, the EIS of the Li/LiAJ1Mn; ¢O4 half-cell is com-

posed of two partially overlapped semicircles and a straight

slopping line. Such a pattern of the EIS can be fitted by an

equivalent circuit shown in inset &fig. 8. TheRy, is bulk

resistance of the cell, which reflects electric conductivity of

the electrolyte, separator, and electrodRg; and Csej are

the resistance and the capacitance of the solid-state interfac

layer formed on the surface of the electrodes, which corre-

spond to the semicircle at high frequenciBg; andCq are

the Faradic charge-transfer resistance and its relative double

layer capacitance, corresponding to the semicircle at mediumReferences
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