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Abstract

Spinel LiMn,O4 powders with small and uniformly sized particle were successfully synthesized by microwave-induced combustion, using
lithium nitrate, manganese nitrate, and urea as the staring materials,Qi\dowders were investigated by X-ray diffractometer (XRD), and
scanning electron microscopy (SEM). LiMB, samples were used as cathode materials for lithium-ion battery, whose discharge capacity
and electrochemical characteristic properties in terms of cycle performance were also discussed. The results revealed that iy Li/LiMn
cell synthesized by microwave-induced combustion had a high initial capacity and much better reversibility than one formed in a solid-state
reaction.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: LiMn ;04 powder; Microwave-induced combustion; Lithium-ion battery; Electrochemical characteristic properties; Cathode

1. Introduction geneity, coarser particle size, and introduction of impurities
during ball milling.

Spinel-type LiMnO4 has recently become an attractive This work employs a new method called microwave-
cathode material for making the cathode of lithium ion induced combustion synthesis to produce Ly®a pow-
rechargeable batteries because of its relative low cost andders. Microwave processing of materials is fundamentally
high capacity[1-3]. However, the capacity of LiMyO4 different from the conventional processing in terms of the
fades during cycling for several reasons, such as an insta-heat generation mechanism. In a microwave oven, heat is
bility of an organic-base electrolyte in a high potential re- generated within the sample itself by the interaction of
gion[4], the dissolution of manganese into electrofas], microwaves with the material. Conventional heating gener-
change in crystal lattice arrangement with cycl{@g, and ates heat by heating elements and then it is transferred to
others. The manganese atom has been partially replaced byhe surface of samplgll]. The microwave-induced com-
transition elements, such as [,9], Cr [8,9], Co[10], to bustion synthesis entails the dissolution of lithium nitrate,
eliminate capacity fading. The conventional way to produce manganese nitrate, and urea in water and then heating the
these materials involved the solid-state reaction of mixing resulting solution in a microwave oven. Urea and metal
with oxides or carbonates that contain lithium and man- nitrate decompose and giving off flammable gases, such as
ganese cations, and calcination at high temperature. How-NH3, HNCO, &, and NO. After the solution reaches the
ever, the solid-state reaction requires a long heating time andpoint of spontaneous combustion, it begins to burn in solid
followed by several grinding, annealing process, which has form above 1000C. The combustion is not complete until
some inherent disadvantages, including chemical inhomo-all the flammable substances are all burnt out and it turns

out to be a loose substance which shows voids, pores, and
highly friable formed by the escaping gases during the com-
mspon ding author. Tel:886-5-206-3264; bust.ion rgactiorilZ]. The whole process takt_as only 30min
fax: +886-5-206-3264. to yield LiMn,O4 powders. In this study, spinel LiM®D4
E-mail address: ypfu@mail.wfc.edu.tw (Y.-P. Fu). powders with uniform, and narrow size distribution are
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prepared by microwave-induced combustion and appropri-
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a micro-porous polypropylene separator. The electrolyte

ated heating treatment. Moreover, the capacity and reversibleused 1M LiPEk in a 50/50vol.% mixture of EC/DMC.

performance of the Li/LiMpOy4 cells are also examined.

2. Experimental procedures

The synthesis process of LiM@4 powders involved the
combustion of redox mixtures, in which metal nitrate acted

The positive electrode was consisted of a mixture of 83
and 10wt.% of acetylene black, and 7 wt.% polyvinylidene
fluoride (PVDF). The mixture was pressed onto a stainless
screen mesh at 250kg/énand vacuum dried at 1F@

for 12h in an oven. The cells were cycled in the voltage
range of 3.0—-4.5V with typical current density 0.1 mA&km
at room temperature. Cyclic voltammetry was performed

as an oxidizing agent and urea as a reducing agent. Thefor the solid solution using a flooded three-electrode glass

initial composition of the solution containing lithium nitrate,

cell. The cyclic voltammograms were taken for a sweep

manganese nitrate, and urea was based on the total oxidizingate of 0.05mV/s between 3.0 and 4.5V. All assembling
and reducing valences of the oxidizer and fuel using conceptsof the cell was carried out in a glove box filled with

in propellant chemistryl13].

Stoichiometric amounts of lithium nitrate [LINED) man-
ganese nitrate [Mn(Ng)2-6H0], and urea [CO(NK),]
were dissolved in 15 ml of water in a crucible. The atomic
ratios of Mn/Li were set to be 2. The crucible containing
the solution was placed in a microwave oven (CEM, MDS
81D, 650W). The microwave power of microwave oven
operated at 100% (650 W) for 30 min. Initially, the solution
boiled and underwent dehydration followed by decomposi-
tion with the evolution of large amount of gases(MNIHg,
and HNCO). After the solution reached the point of sponta-

Ar gas.

3. Results and discussion
3.1. Synthesized powders properties

Phase transformation of microwave-heated Li@p
powders and the mixtures of the reactants LiC®ith
MnCOs; powders were studied using TG measurement.
Fig. lashows the TG curve for the mixtures of the reactants

neous combustion, it began to burn with the release of muchLiCO3 with MnCOs; powders. There are three steps for

heat, vaporized all the solution instantly and burnt in solid
form above 1000C. The entire combustion process for pro-
ducing LiMn,O4 powders in the microwave oven took only
30 min, and then the microwave-heated L powders
were annealed at the temperature range of 600=@00r
8hin air.

Thermogravimetry (TG; Rigaku Thermalplus TG 8120)

the weight loss. The first steps from room temperature to
200°C may be attributed to the evaporation of residual wa-
ter; whereas the second step between 250 and@2aith
sharp weight loss is due to carbon dioxide loss followed by
crystallization of LiMnO4 phase; the third step appears to
be constant for temperature above 480Fig. 1bshows the
TG trace for microwave-heated LiM®,4 powders, which

was used to study the thermal decomposition behavior of indicates the weight loss is about 5% during the whole heat-

the microwave-heated LiMi©; powders. A heating rate
of 10°C/min from room temperature to 90C in air.

ing process. This can be attributed to the most Likp
spinel phase have been formed during microwave-induced

The crystallography of samples were characterized usingcombustion process.

a computer-interface X-ray powder diffractometer (XRD;
Rigaku D/Max-Il) with Cu Ku radiation. The lattice con-

stants were calculated against silicon standard (10 wt.%).

Fig. 2 shows the X-ray diffraction patterns of the
microwave-heated LiMgO4 powders and the microwave-
heated LiMpO4 powders annealed at various tempera-

The total average valences of Mn ion were obtained by tures. Evidently, the microwave-heated Lip@y powders

potential titration. Firstly, the LiMpO4 powders were dis-
solved in excess of FeSOand once the Mn dissolved
completely and then the excess FeS@as back-titrated
with 1IN KMnO, solution. For the total Mn, both M
and Mt in the samples were reduced to ¥mnin a
mixture solution of HCI and KSOy under heating. This
solution was titrated with 1IN KMn@ around pH= 7.
NayP,O; was added to complex the oxidation product
Mn3t. The average oxidation state of Mn was calculated
by above-mentioned methdtl4]. The particle morphology
and size of the microwave-heated LiMdy powders and

contained the spinel LiMyO4 phase and MgO3 phase.
The formation of impurity phase (M©s) indicated that
the temperature is not high enough to reach full crystal-
lization and containing some vacancies in LiM struc-
ture during combustion. Therefore, the microwave-heated
LiMn,0O4 powders required further thermal treatment.
As the microwave-heated LiM®4 powders annealed at
700°C, the MnpO3 phase disappears and well-crystallized
LiMn,0O4 peaks appear with a space grobd3m, where
lithium ions occupy the tetrahedral sites (8a), ¥nand
Mn** ions reside at the octahedral sites (16d), aRd iDns

annealed at various temperatures were characterized usingre located at 32e sitdg]. As expected, the crystalliza-

a scanning electron microscopy (SEM; JEOL JSM-6500F).
The charge and discharge characteristic of Likp

cathode were examined in laboratory cells. The cells con-

tion of LiMn2,Oq4 is further enhanced when the annealing
temperature is raised above 70D
Fig. 3 presents the morphology of the microwave-heated

sist of a cathode and a lithium metal anode separated byLiMn,O4 powders and the microwave-heated specimens
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Fig. 1. The thermogravimetric analysis curves for (a) the mixtures of the reactants M@ MnCO; powders, (b) the microwave-heated LiDu
powders.

annealed at various temperatures for 8 h. As showdign3a evident that the particle size increases with rising the an-
the microwave-heated LiMi©4 powders have nano-sized nealing temperature from 600 to 800°C.
particle. As shown irFig. 3b and ¢the microwave-heated Heating treatment conditions and the average valence of

LiMnoO4 powders annealed at 600 and 7@) respec- Mn ion for microwave-heated LiMn,O4 powders before as-
tively, which have broad particle size distribution and form sembling for cells were presented in Table 1. The variation
some particle agglomerates. As shown kig. 3d the in lattice parameter and average valence of Mnion asafunc-
microwave-heated LiMgD4 powders annealed at 80C tion of annealing temperature for LiMn,O4 powders synthe-
has uniformly sized particles and planar-lamination shape sized by microwave-induced combustion plotsin Fig. 4. The
about 0.2%um in size. According toFig. 3 results, it is average vaence of Mn ion decreases from 3.543 to 3.498
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Fig. 2. X-ray diffraction patterns of the microwave-heated LiMn;O4 powders annealed at various temperatures (a) as-received, (b) annealed at 600°C
for 8h, (c) annealed at 700°C for 8h, (d) annealed at 800°C for 8h.



1956 Y.-P. Fu et al./Ceramics International 30 (2004) 1953-1959

SEI 100kY X15000 14m WD 10.0mm

Skl 100KV X15000  1#m WD 102mm

Fig. 3. SEM photographs of the microwave-heated LiMn,;O,4 powders: (a) as-received, (b) annealed at 600°C for 8h, (c) annealed at 700°C for 8h, (d)

annealed at 800°C for 8h.

as the annealing temperature increases from 600 to 800°C.
This is due to the oxygen loss at high temperature accom-
panied with the side reaction Mn** — Mn3t [15]. There-
fore, a slight higher Mn3t content and lower Mn*+ con-
tent appears at high annealing temperatures. On the other
hand, the lattice constant increases from 8.237 to 8.250 as
the annealing temperature increases from 600 to 800°C.
This was due to the larger radius for Mn3* ions (0.72A)
than Mn** ion (0.67 A). Therefore, a high Mn3t/Mn*t ra-
tio isaccompanied by high lattice constant at high annealing
temperatures.

Table 1
Heating treatment conditions and the average valence of Mn ion for
microwave-heated LiMn,O,4 powders before assembling for cells

Sample Annealing conditions Mn average valence
A 600°C for 8h 3.543
B 700°C for 8h 3.510
C 800°C for 8h 3.498

3.2. Electrochemical properties

The performance of LiMn,O4 as the cathode of the
lithium-ion battery was examined as follows. Fig. 5 shows
the plot of the cyclic voltammogram of LiMn,O4 cell for the
sample A and sample C, with asweep rate of 0.05mV/s. The
current—voltage curve clearly demonstrated the reversibil-
ity of this material upon deintercalation and intercalation
of Li* over the range of 3.0-4.5V versus Li/Li*. Clearly,
sample A and sample C both revealed two pairs of redox
peaks in cyclic voltammogram, implying lithium ions are
extracted and inserted into spinel LiMn,O4 by a two-step
process For sample A, two anodic peaks were observed
at 4.09 and 4.18V. However, the sample C, yield anodic
peaks that are larger and shift toward lower potential, which
located at about 4.05 and 4.16 V, respectively.

Fig. 6 shows the plot of the first discharge curves for
Li/LiMn2O4 cells operated between 3.0 and 45V at a
constant discharge current density of 01 mA/cm?. For all
samples, two distinct plateaus were observed on the dis-
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Fig. 4. The lattice parameter and average valence of Mn ion for microwave-heated LiMn,O4 powders annealing at various temperatures for 8h.

charge curves. This result is strongly consistent with cyclic
voltammogram curve, corresponding to the electrodes un-
dergo two stages of reversible oxidation and reduction
process. Moreover, as can be seen in Fig. 5, sample C has
much shaper peaks than sample A, indicating flatter dis-
charge curve occurred at sample C. Sample A revealed two
plateaus at 4.10 and 3.94 V with the current discharge capac-
ity of 112mA h/g, compared to sample B had two plateaus
at 4.10 and 3.96V with the current discharge capacity of
125mA h/g and sample C had two plateaus at 4.10 and
3.97V with the current discharge capacity of 133mA h/g
at first cycle. Sample A provided a lower initial capacity
and not clear plateaus in the discharge curve because of

150

the poor crystallinity of microwave-heated LiMnO4 pow-
ders annealed at such low temperature (600°C). Sample C
provided the highest initial capacity of 133mA h/g in the
discharge curve for all samples. This value is comparable to
the method prepared by solid-state reaction [8] or melt im-
pregnation [16]. Therefore, the LiMn,O4 powders prepared
by microwave-induced combustion method can be used as
cathode active materials for lithium-ion battery.

The relationship between the discharge capacity and the
cycle number are plotted in Fig. 7 for Li/LiMnyO4 cells at
acurrent rate of 0.1 mA between 3.0 and 4.5V with various
samples operated at room temperature. The discharge capac-
ity fading of the cells using sample C is a little faster than
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Fig. 5. Cyclic voltammogram over the potential 3.0-4.5V for sample A and sample C at a scan rate of 0.05mV/s.
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Fig. 6. The first discharge curves for (a) sample A, (b) sample B, and (c) sample C at a current rate of 0.1 mA.

for cells using sample A and sample B. The capacity of loss
for the first 20 cycles were about 4.17% of initial capacity
for sample A, compared to 7.20 and 8.27% for sample B and
sample C. The capacity fading of the cells using solid-state
reaction, which was prepared by the mixture of LioCO3 and
MnCOg3 preheated at 800°C for 8 h with intermittent grind-
ing and then heated at 800°C for 24 h in air provided the
initial capacity of 118 mA h/g in the discharge curve and
the capacity loss about of 4.38% for the first 20 cycles. A
comparison of sample C and the solid-state reaction sample
reveals that sample C with higher initial capacity but alittle

faster discharge capacity fading rate for the first 20 cycles,
perhaps because of the oxygen loss and higher Mn3t con-
tent appeared for the microwave-heated LiMn,O4 powders
annealed at such high temperature (800 °C).

In summary, the LiMn,O4 powders prepared by micro-
wave-induced combustion processing and appropriated heat-
ing treatment with excellent initial capacity and reversible
properties compared with solid-state reaction for lithium-ion
battery. These results may be due to the LiMn,O4 pow-
ders synthesized by microwave-induced combustion with a
higher specific surface area.
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Fig. 7. The variation of discharge capacity as function of cycle number for Li/LiMnyO4 cells for sample A, sample B, sample C, and the mixture of
Li,CO3 and MnCO3 powders was preheated at 800°C for 8h and finally heated at 800°C for 24h in air.
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4. Conclusions

Using lithium nitrate, manganese nitrate, and urea as the
starting materials, uniform LiMn,O4 powders have been
synthesized successfully by microwave-induced combus-
tion. The results revealed that spinel LiMn2O4 can be ob-
tained by the microwave-induced combustion in ashort time
compared with solid-state reaction, moreover the annealing
temperature affect greatly the electrochemical properties
of LiMnyO4 samples for lithium-ion battery. Both the ini-
tia capacity and magnetization and cycle performance of
Li/LiMn2Oy4 cell can be significantly improved by appro-
priate thermal treatment for microwave-heated LiMnyO4
powders. This method can be employed as a new route for
synthesizing analogous materials.
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