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Abstract

LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) were synthesized using a combustion method, and the electrochemical properties were examined in

the voltage range of 3.5–5.0 V. The XRD patterns of the synthesized samples were similar, and the samples had a spinel phase structure. The first

charge capacity curves exhibited an inflection in the voltage range of 4.2–5.0 V, where it is believed that additional, previously unreported phase

transition occurs. The voltage vs. x curves for the first to fifth cycle exhibited two distinct voltage plateaus, corresponding well to a two-phase

reaction and a one-phase reaction, respectively, as reported previously. For the voltage range of 3.5–5.0 V, the first discharge capacity increased and

the cycling performance improved as y increased. Among these samples, LiCo0.08Mn1.92O4 had the largest first discharge capacity of 132.5 mA h/g

at 600 mA/cm2, and its cycling efficiency was 91.1% at the 15th cycle in the voltage range of 3.5–5.0 V.
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1. Introduction

Transition metal oxides such as LiCoO2 [1–3], LiNiO2 [4,5]

and LiMn2O4 [6–12] have been investigated for their use as

cathode materials in lithium secondary batteries. LiCoO2 has a

large diffusivity and a high operating voltage, and can be easily

prepared. Nevertheless, it contains an expensive element, Co.

LiNiO2 has a large discharge capacity [13] and is relatively

excellent from the view points of economics and environment.

However, its preparation is very difficult compared with those

of LiCoO2 and LiMn2O4. LiMn2O4 does not have a good

cycling performance, but it is very cheap and does not bring

about environmental pollution.

LiMn2O4 is usually synthesized through a solid-state

reaction method which uses mechanical mixing followed by

high-temperature sintering. LiMn2O4 compounds are made

from stoichiometric amounts of Li salts such as LiOH, LiNO3,
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and Li2CO3, mixed with manganese oxides [chemical

manganese dioxides (CMD) or electrochemical manganese

dioxides (EMD)] [14–19].

The solid-state reaction method has numerous disadvan-

tages: difficulty in a homogeneous formation of phase,

formation of particles with non-uniform size and shape, and

difficulty in the formation of a compound with stoichiometric

composition. On the other hand, the homogeneous mixing of

the starting materials can be accomplished using the combus-

tion method because in this method nitrates as starting materials

and urea as a fuel are mixed in distilled water by a magnetic

stirrer. This may lead to good crystallinity and a homogeneous

particle size when the sample is synthesized.

Liu et al. [20] reported that partial substitution of a small

quantity of Co for the Mn can significantly improve the cycling

behavior of LiMn2O4. Shen et al. [21] reported that chemical

substitution of Co+3 for Mn+3 in LiMn2O4 improved the

cathodic properties and the efficiency in maintaining electro-

chemical capacity over a large number of cycles without

sacrificing the initial reversible capacity and performance at

temperature below room temperature.
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In this work, we chose Co as a substituting element for Mn in

LiMn2O4 to improve the electrochemical properties of

LiMn2O4. We synthesized LiCoyMn2�yO4 (y = 0.00, 0.04

and 0.08) via the combustion method using nitrates and urea as

starting materials and examined their electrochemical proper-

ties in a voltage range of 3.5–5.0 V. The upper limit of the

voltage range, 5.0 V, is quite a higher voltage than that usually

used in research on the electrochemical properties of LiMn2O4.

2. Experimental

LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) were synthesized

using a combustion method. Starting materials were LiNO3,

Mn(NO3)2�6H2O, Co(NO3)2�6H2O, and NH2CONH2 (urea) with

purities of 98%. The starting materials in the desired

compositions were mixed homogeneously by a magnetic stirrer.

The mixed samples were in light reddish brown color. These

mixed samples were preheated at 400 8C for 4 h, and then

calcined two times at 750 8C for 24 h. The heating rate was

100 8C/h and the cooling ratewas 50 8C/h. Phase identification of

the prepared samples was carried out via X-ray diffraction (XRD,

Rigaku III/A type) analysis using Cu Ka radiation. The

morphologies of the samples were observed using a scanning

electron microscope (SEM). To measure the electrochemical

properties, the electrochemical cells consisted of the prepared

sample as a positive electrode, Li metal as a negative electrode,

and an electrolyte of 1 M LiPF6 in a volumetric 1:1 ratio mixture

of ethylene carbonate (EC) and dimethyl carbonate (DMC). A

Whatman glass was used as a separator. The cells were

assembled in an argon-filled dry box. To fabricate the positive
Fig. 1. SEM photographs of LiCoyMn2�yO4 [(a) y = 0.00/24 h; (b) y = 0.00/48 h; (c
electrode, active material, acetylene black and polytetrafluor-

oethylene (PTFE) binder were mixed in a 100:10:1 weight ratio

in an agate mortar. By introducing the Li metal, the Whatman

glass-fiber, the positive electrode and the electrolyte, the cell was

assembled. All electrochemical tests were performed at room

temperature with a battery charge–discharge cycle tester

(WonATec WBCS 3000) at a current density of 600 mA/cm2

in a voltage range from 3.5 to 5.0 V.

3. Results and discussion

The XRD patterns of LiCoyMn2�yO4 (y = 0.00, 0.04 and

0.08) synthesized via the combustion method were obtained.

They were similar, but the diffraction angles increased as y

increased, indicating that the lattice parameter decreased as y

increased. Samples were identified as being in the spinel phase

with a space group of F d 3 m. The lattice parameters of these

samples were larger than that of LiMn2O4 synthesized using the

solid-state method [22].

The SEM photographs of LiMn2O4 calcined for 24 h and

LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) calcined for 48 h are

presented in Fig. 1. The particles of LiMn2O4 calcined for 48 h

are larger than those of the LiMn2O4 calcined for 24 h. Particles

for y = 0.00 calcined for 48 h are larger than those for y = 0.04

and 0.08 calcined for 48 h. The particles for y = 0.04 and 0.08

are fine and homogeneous with a spherical shape and are

similar in shape; however, particles for y = 0.04 were slightly

finer than those for y = 0.08.

Fig. 2 shows the variations in voltage vs. discharge capacity

curve with the number of cycles, n, for LiCoyMn2�yO4
) y = 0.04/48 h; and (d) y = 0.08/48 h] synthesized via the combustion method.



Fig. 2. Variations in voltage vs. discharge capacity curve with the number of cycles for LiCoyMn2�yO4 synthesized using the combustion method in the voltage range

of 3.5–5.0 V at 600 mA/cm2; (a) y = 0.00, (b) y = 0.04, and (c) y = 0.08.

Fig. 3. Voltage vs. the first charge capacity curves for LiCoyMn2�yO4 (y = 0.00,

0.04 and 0.08) synthesized using the combustion method in the voltage range of

3.5–5.0 V at 600 mA/cm2.
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(y = 0.00, 0.04 and 0.08) synthesized using the combustion

method. For these curves, the voltage range is 3.5–5.0 V, and

the current density is 600 mA/cm2. All of the curves exhibit

two voltage plateaus, corresponding to a two-phase reaction

and a one-phase reaction, respectively. The voltages of the

two plateaus are 4.06 and 3.92 V for y = 0.00, 4.07 and

3.94 V for y = 0.04, and 4.08 and 3.95 V for y = 0.08. The

voltages of the two voltage plateaus are similar to those

reported by Yoshio for LiMn2O4 [23], i.e., 4.10 and 4.05 V.

As y increases, the rate of decrease in the discharge capacity

with the number of cycles becomes lower. As the number of

cycles increases, the length of the higher plateau decreases.

As y increases, the rate of decrease in the length of the higher

plateau diminishes.

The voltage vs. the first charge capacity curves for

LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) synthesized using

the combustion method in the voltage range of 3.5–5.0 V at

600 mA/cm2 are shown in Fig. 3. Enlarged curves are also

given. All curves exhibit an inflection in the voltage range of

4.2–5.0 V, where it is believed that additional, previously

unreported phase transition occurs.



Fig. 4. Voltage vs. x curves of LiCoyMn2�yO4 synthesized using the combus-

tion method for the first to fifth cycle in the voltage range of 3.5–5.0 V at

600 mA/cm2; (a) y = 0.04 and (b) y = 0.08.

Fig. 5. Variations in the discharge capacity at 600 mA/cm2 with the number of

cycles for LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) synthesized using the

combustion method in the voltage range of 3.5–5.0 V.

Fig. 6. Variations in the discharge capacity with the number of cycles for

LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) synthesized using the combustion

method and for LiMn2O4 synthesized using the solid-state method, in the

voltage range of 3.5–4.3 V at 600 mA/cm2.
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Fig. 4 presents voltage vs. x curves of LiCoyMn2�yO4

(y = 0.04 and 0.08) synthesized using the combustion method

for the first to fifth cycle. For these curves, the voltage range is

3.5–5.0 V and the current density is 600 mA/cm2. All of the

curves exhibit two distinct voltage plateaus, corresponding well

to the results by Xia and Yoshio [14]. They reported that a two-

phase reaction (cubic a0 = 8.154 Å and a0 = 8.072 Å) occurred

in the range 0.1 < x < 0.45, and a one-phase reaction (cubic

a0 = 8.163–8.247 Å) occurred in the range 0.45 < x < 1.0 for

the first charge.

The variations in the discharge capacity at 600 mA/cm2 with

the number of cycles for LiCoyMn2�yO4 (y = 0.00, 0.04 and

0.08) synthesized using the combustion method are provided in

Fig. 5. For these curves, the voltage range is 3.5–5.0 V. The

sample for y = 0.00 has the smallest first discharge capacity

(125.0 mA h/g), and as y increases, the first discharge capacity

increases. LiCo0.08Mn1.92O4 has the largest first discharge

capacity of 132.5 mA h/g and LiCo0.04Mn1.96O4 has the first

discharge capacity of 131.6 mA h/g. LiCo0.08Mn1.92O4 has the

largest discharge capacities from n = 1 to n = 15, followed in
order by LiCo0.04Mn1.96O4 and LiMn2O4. That is, as y

increases, the discharge capacities increase, contrary to the

results reported previously. In addition, the cycling perfor-

mance improves as y increases. The cycling efficiencies (the

discharge capacity divided by the first discharge capacity) at the

15th cycle were 87.6% for LiMn2O4, 89.6% for

LiCo0.04Mn1.96O4, and 91.1% for LiCo0.08Mn1.92O4.

Fig. 6 shows the variations in the discharge capacity at

600 mA/cm2 with the number of cycles for LiCoyMn2�yO4

(y = 0.00, 0.04 and 0.08) synthesized using the combustion

method and for LiMn2O4 synthesized using the solid-state

method. For these curves, the voltage range is 3.5–4.3 V. The

sample for y = 0.00 synthesized using the combustion method

has the largest first discharge capacity (125.3 mA h/g), and as y

increases, the first discharge capacity decreases. However, the

cycling performance improves as y increases. The sample with



Fig. 7. SEM photograph of LiMn2O4 synthesized using the solid-state reaction

method.
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y = 0.08 has the first discharge capacity of 118.8 mA h/g and a

discharge capacity of 111.0 mA h/g at the 13th cycle. The

improvement in cycling performance with the increase in y

agrees well with the previously reported results. Many works

[24–27] reported that partial substitution of small quantities of

metal cations for the Mn can significantly improve the cycling

behavior of LiMn2O4. LiMn2O4 synthesized using the solid-

state reaction method has a good cycling performance, but the

first discharge capacity (92.8 mA h/g) is smaller than those for

the samples synthesized using the combustion method.

The SEM photograph of LiMn2O4 synthesized using the

solid-state reaction method is shown in Fig. 7. The sample

exhibits an inhomogeneous distribution of small particles, and

large particles having small particles on their surface. LiMn2O4

was synthesized from starting materials, LiOH�H2O, MnO2,

and CoCO3 with purities of 99%. The mixed starting materials

in desired compositions were preheated at 400 8C for 10 h, and

then calcined two times at 750 8C for 24 h after grinding,

mixing, and pelletizing. The heating rate was 100 8C/h and the

cooling rate was 50 8C/h.

As mentioned above, the variation in the lattice parameter

with y in LiCoyMn2�yO4 synthesized using the combustion

method was investigated, and that for LiMn2O4 synthesized

using the solid-state method was also obtained [22]. The lattice

parameter decreased as y increased. The lattice parameters of

the samples using the combustion method were larger than that

of LiMn2O4 synthesized using the solid-state method.

For the voltage range of 3.5–4.3 V, the first discharge

capacity decreased and the cycling performance improved as y

increased. On the other hand, for the voltage range of 3.5–5.0 V,

the first discharge capacity increased and the cycling

performance improved as y increased. LiCo0.08Mn1.92O4 had

the largest first discharge capacity of 132.5 mA h/g, and its

cycling efficiency was 91.1% at the 15th cycle for the voltage

range of 3.5–5.0 V.

For the voltage range of 3.5–4.3 Vat 600 mA/cm2, LiMn2O4

synthesized using the combustion method had the first

discharge capacity of 125.3 mA h/g, while that synthesized

using the solid-state reaction had the first discharge capacity of

92.8 mA h/g. For the voltage range of 3.5–5.0 V at 600 mA/

cm2, LiMn2O4 synthesized using the combustion method had
the first discharge capacity of 125.0 mA h/g. The SEM

photograph for LiMn2O4 synthesized using the solid-state

method showed an inhomogeneous distribution of large

particles and small particles. The superior crystallinity, the

larger lattice parameter, and the finer and more homogeneous

particles of LiMn2O4 synthesized via the combustion method,

compared with those for LiMn2O4 synthesized via the solid-

state method, are considered to lead to the larger discharge

capacity of LiMn2O4.

4. Conclusions

LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) were synthesized

using the combustion method by preheating at 400 8C for 4 h

and then calcining two times at 750 8C for 24 h. The XRD

patterns of LiCoyMn2�yO4 (y = 0.00, 0.04 and 0.08) synthe-

sized via the combustion method were similar, and the samples

had a spinel phase structure. The first charge capacity curves

exhibited an inflection in the voltage range of 4.2–5.0 V, where

it is believed that additional, previously unreported phase

transition occurs. For the voltage range of 3.5–5.0 V, the first

discharge capacity increased and the cycling performance

improved as y increased. Among the LiCoyMn2�yO4 (y = 0.00,

0.04 and 0.08) samples, LiCo0.08Mn1.92O4 had the largest first

discharge capacity of 132.5 mA h/g at 600 mA/cm2, and its

cycling efficiency was 91.1% at the 15th cycle in the voltage

range of 3.5–5.0 V. The superior crystallinity, the larger lattice

parameter, and the finer and more homogeneous particles of

LiMn2O4 synthesized via the combustion method, compared

with those for LiMn2O4 synthesized via the solid-state method,

are considered to lead to the larger discharge capacity of

LiMn2O4.
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