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bstract

Spinel LiMn1.925M0.075O4 (M = Cr, Co) powders with small and uniform particle size were successfully synthesized by microwave-induced
ombustion. The LiMn M O (M = Cr, Co) samples were used as cathode materials for lithium-ion battery, which their discharge capacity
1.925 0.075 4

nd electrochemical characteristic properties were investigated in this study. The results revealed that The Li/LiMn1.925M0.075O4 (M = Cr, Co) cells
howed lower capacity loss than Li/LiMn2O4 cell after 30 cycles. Moreover, Cr-substituted spinel exhibited a lower capacity loss than Co-substituted
pinel. The initial capacity of LiMn2O4 and LiMn1.925M0.075O4 cells can be ranked as follows: LiMn2O4 > LiMn1.925Cr0.075O4 > LiMn1.925Co0.075O4.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, the spinel-type LiMn2O4 is an attractive cathode
aterial for lithium-ion rechargeable batteries with its relative

ow cost and high capacity [1–3]. However, LiMn2O4 exhibits
everal capacity fading on cycling due to several reasons, such
s an instability of an organic-base electrolyte in a high potential
egion [4], the dissolution of manganese into electrolyte [5,6],
hange in crystal lattice arrangement with cycling [7], and so
n. In order to overcome the capacity fading, the manganese
tom was partially replaced by transition elements, such as Ni
8,9], Cr [8,9], Co [10]. The conventional way of producing
hese materials by the solid-state reaction of mixing with oxides
r carbonates containing lithium and manganese cations, and
alcined at high temperature. However, the solid-state reaction
equires a long heating time and followed by several grinding,
nnealing process, which has some inherent disadvantages such
s: chemical inhomogeneity, coarser particle size, and introduc-

ion of impurities during ball milling.

In the current research, we used a new method called micro-
ave-induced combustion synthesis to produce LiMn1.925-
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0.075O4 (M = Cr, Co) cathode materials. Microwave process-
ng of materials is fundamentally different from the conventional
rocessing in terms of the heat generation mechanism [11–13].
he microwave-induced combustion synthesis entails the disso-

ution of lithium nitrate, chromium nitrate, cobalt nitrate, man-
anese nitrate and urea in water, and then heating the resulting
olution in a microwave oven. Urea and metal nitrate decom-
ose and giving off flammable gases such as NH3, HNCO, O2,
nd NO. After the solution reaches the point of spontaneous
ombustion, it begins to burn in solid form above 1000 ◦C. The
ombustion is not complete until all the flammable substances
re all burnt out and it turns out to be a loose substance which
hows voids, pores, and highly friable formed by the escaping
ases during the combustion reaction [14]. The whole process
akes only 30 min to yield LiMn1.925M0.075O4 (M = Cr, Co) cath-
de materials.

. Experimental

The synthesis process of LiMn1.925M0.075O4 (M = Cr, Co)
owders involved the combustion of redox mixtures, in which

etal nitrate acted as an oxidizing agent and urea as a reducing

gent. The initial composition of the solution containing lithium
itrate, manganese nitrate, chromium nitrate, cobalt nitrate, and
rea was based on the total oxidizing and reducing valences

mailto:d887503@alumni.nthu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.04.034
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decreased from 7.7 to 7.0%. From the capacity loss at different
current rates, we can obtain the result that Cr-substituted spinel
showed lower capacity loss than Co-substituted spinel. These
16 Y.-P. Fu et al. / Journal of Po

f the oxidizer and fuel using concepts in propellant chemistry
15].

Stoichiometric amounts of lithium nitrate [LiNO3],
anganese nitrate [Mn(NO3)2·6H2O], chromium nitrate

Cr(NO3)3·9H2O], cobalt nitrate [Co(NO3)2·6H2O], and urea
CO(NH2)2] were dissolved in 15 ml of water in a crucible.
he crucible containing the solution was placed in a microwave
ven (CEM, MDS 81D, 650 W). The microwave power of
icrowave oven operated at 100% (650 W) for 30 min. The

olution contained metal nitrates and urea boiled and underwent
ehydration followed by decomposition with the evolution
f large amount of gases. The entire combustion process for
roducing LiMn1.925M0.075O4 (M = Cr, Co) powders in the
icrowave oven took only 30 min, and then the microwave-

eated LiMn1.925M0.075O4 powders were annealed at the
emperature of 800 ◦C for 8 h in air.

Thermogravimetry (TG; Rigaku Thermalplus TG 8120) was
sed to study the weight loss of the microwave-heated LiMn2O4
owders. A heating rate of 10 ◦C min−1 from room tempera-
ure to 1000 ◦C in air. The charge and discharge characteristic
f LiMn1.925M0.075O4 (M = Cr, Co) cathode were examined in
aboratory cells. The cells consist of a cathode and a lithium

etal anode separated by a micro-porous polypropylene sepa-
ator. The electrolyte used 1 M LiPF6 in a 50/50 vol.% mixture
f EC/DMC. The positive electrode was consisted of a mixture
f 83, 10 wt.% of actylene black, and 7 wt.% poly vinylidene
ouoride (PVDF). The mixture was pressed onto a stainless
creen mesh at 250 kg cm−2 and vacuum dried at 110 ◦C for
2 h in a oven. The cells were cycled in the voltage range of
.0–4.5 V with typical current density 0.1 and 0.3 mA cm−2,
espectively, at room temperature and high temperature (55 ◦C).
yclic voltammetry was performed for the solid solution using
flooded three-electrode glass cell. The cyclic voltamograms
ere taken for a sweep rate of 0.05 mV/s between 3.0 and 4.5 V.
ll assembling of the cell was carried out in a glove box filled
ith Ar gas.

. Results and discussion

Phase transformation of microwave-heated LiMn2O4 pow-
ers and the mixtures of the reactants LiCO3 with MnCO3 pow-
ers were studied using TG measurement. Fig. 1(a) shows the
G curve for the mixtures of the reactants LiCO3 with MnCO3
owders. There are three steps for the weight loss. The first
teps from room temperature to 200 ◦C may be attributed to the
vaporation of residual water; the second step between 250 and
20 ◦C corresponds to the crystallization of LiMn2O4 phase; the
hird step between 450 and 900 ◦C, which indicates the weight
oss of mixtures is about 3%. This was due to that the solid-state
eaction forming LiMn2O4 is completed at this stage. Fig. 1(b)
hows the TG trace for microwave-heated LiMn2O4 powders,
hich indicates the weight loss is about 5% during the whole
eating process. This can be attributed to the most LiMn2O4

pinel phase have been formed during microwave-induced com-
ustion process.

The relationships between the discharge capacity of
he cathode and the cycle numbers of Li/LiMn2O4 and

F
c
b

ig. 1. The thermogravimetric analysis curves for (a) the mixtures of the reac-
ants LiCO3 with MnCO3 powders, (b) the microwave-heated LiMn2O4 pow-
ers.

i/LiMn1.925M0.075O4 (M = Cr, Co) cells between 3.0 and 4.5 V
t a current rate of 0.1 and 0.3 mA are shown in Fig. 2. It can
e seen, the discharge capacity loss of the Li/LiMn2O4 cell at
current rate of 0.1 mA was the most severe among these cells

nspite of the largest initial capacity. The capacity loss was cal-
ulated after the first thirty cycles, which capacity loss can be
efined as ((C1 − Cn)/C1) × 100%, here C1 and Cn are the dis-
harge capacity of first and nth cycle, n is the number of cycles.
n the other hand, for Li/LiMn1.925Cr0.075O4 cell, as increased

he current rate from 0.1 to 0.3 mA, the initial capacity decreased
rom 124 to 121 mAh g−1, however, the discharge capacity loss
f Li/LiMn1.925Cr0.075O4 cell also decreased from 6.2 to 4.1%.
imilar tendency was also obtained in Li/LiMn1.925Co0.075O4
ell. As increased the current rate from 0.1 to 0.3 mA, the ini-
ial capacity decreased from 116 to 114 mAh g−1. Whereas,
he discharge capacity loss of Li/LiMn Co O cell also
ig. 2. Relationships between the discharge capacity of the cathode and the
ycle numbers of Li/LiMn2O4 and Li/LiMn1.925M0.075O4 (M = Cr, Co) cells
etween 3.0 and 4.5 V at various current rates at 25 ◦C.
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ig. 3. The initial discharge curves between 3.0 and 4.5 V for Li/LiMn2O4 and
i/LiMn1.925M0.075O4 (M = Cr, Co) cells at current rates of 0.3 mA at 55 ◦C.

esults may be ascribed to the fact that Cr or Co-substituted
pinels suppressed the Jahn–Teller distortion in the spinel struc-
ure. In addition, the bonding energy of Cr–O (1142 kJ mol−1)
nd Co–O (1067 kJ mol−1) are both stronger than that of the
n–O (946 kJ mol−1) bond, which results in the stability of the

pinel structure.
Fig. 3 shows initial discharge curves for Li/LiMn2O4 and

i/LiMn1.925M0.075O4 cells operated between 4.5 and 3.0 V at
5 ◦C. Two plateaus are clearly observed for all samples. The
i/LiMn2O4 cell provided an initial capacity of 128 mAh g−1

nd Cr and Co-substituted spinel provided a slightly lower
nitial capacity of 125 and 116 mAh g−1, respectively, oper-
ted at 55 ◦C. In order to investigate the cycling perfor-
ance at various operating temperature, we plotted the relation

etween the capacity and cycle number for Li/LiMn2O4 and

i/LiMn1.925M0.075O4 cells at a current rate of 0.3 mA at 25
nd 55 ◦C in Fig. 4. It indicates that the discharge capacity loss
f the cells using Li/LiMn2O4 is a maximum than Cr and Co-
ubstituted spinels at 55 ◦C. When the Li/LiMn1.925M0.075O4

ig. 4. Relationships between the capacity and cycle numbers of the
i/LiMn2O4 and Li/LiMn1.925M0.075O4 (M = Cr, Co) cells between 3.0 and
.5 V at a current rate of 0.3 mA at various temperatures.
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ells with M = Cr, the capacity loss reached a minimum about
.4% at 55 ◦C. Obviously, capacity loss at 55 ◦C is greater than
5 ◦C for all samples. This may be described to two reasons: (1)
he high Mn species dissolute into the electrolyte solution lead-
ng to capacity fading. (2) the electrolyte solution decomposed
t high temperature also leading to capacity fading.

. Conclusions

Using lithium nitrite, manganese nitrate, chromium nitrate,
obalt nitrate, and urea as the starting materials, ultrafine
iMn1.925M0.075O4 (M = Cr, Co) powders have been synthe-
ized successfully by microwave-induced combustion. Results
f this study show that substituted contents affect greatly the
lectrochemical properties of LiMn1.925M0.075O4 samples for
ithium-ion battery. The results revealed that the cycle perfor-

ance of Li/LiMn2 − yMyO4 cells at higher temperature (55 ◦C)
nd higher current rate (0.3 mA) can be significantly improved
y appropriate substituted with Cr or Co. This may be ascribed to
r or Co-substituted suppressed the Jahn–Teller effect in spinel

tructure.
The conclusions for Li/LiMn2O4 and Li/Li

iMn1.925M0.075O4 (M = Cr, Co) cells prepared by microwave-
nduced combustion method are the following:

1) The capacity loss at various current rates and at
various temperatures can be ranked as follows:
LiMn2O4 > LiMn1.925Co0.075O4 > LiMn1.925Cr0.075O4.

2) The initial capacity at various current rates and at
various temperatures can be ranked as following:
LiMn2O4 > LiMn1.925Cr0.075O4 > LiMn1.925Co0.075O4

3) The cycle performance of Cr-substituted spinel is better than
Co-substituted spinel at various current rates and at various
temperatures.
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