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Abstract Spinel LiMn2O4 particle is successfully syn-

thesized by the acetone hydrothermal method without

further sintered at high temperature. The electrochemical

performances of LiMn2O4 at room temperature are im-

proved by carbon modification through a post-heat treat-

ment. SEM exhibits that the particles are well distributed

and the primary grains are 5 lm in size. TEM indicates that

the LiMn2O4/C is uniformly coated with a carbon layer

about 2.0 nm in size. The electrochemical performances

show that the pristine sample has an initial discharge ca-

pacity of 127.9 mAh g-1, and the capacity decreases to

110.6 mAh g-1 with the losses of 14.2 % after 100 cycles.

Apparently, the LiMn2O4/C exhibits an initial capacity

with 134.9 mAh g-1, and capacity losses of only 4.3 %

after 100 cycles. At a discharge rate of 1 C, it keeps more

than 97.18 % of the reversible capacity compared with that

at 0.1 C. At the same time, the sample LiMn2O4/C shows

only 5.84 % discharge capacity loss at the elevated tem-

perature. The results show that the LiMn2O4/C sample with

excellent electrochemical performances should attribute to

the carbon layer avoiding the core material direct contact

with the acidic electrolyte and suppression of Mn? disso-

lution into electrolyte.

1 Introduction

Spinel-phase LiMn2O4 has been considered to be the most

promising cathode for lithium-ion batteries owing to its

advantages of abundant manganese resources, low cost,

ecofriendly in nature, high theoretic capacity and facility of

production [1, 2], compared with layered LiCoO2 and

LiNiO2 oxides [3–6]. It is well known that the electro-

chemical performance of a cathode material is greatly as-

sociated with the particle properties such as size,

morphology and specific surface area. The traditionally

synthesized LiMn2O4 often has large particle size (mi-

crometer level or even larger) and oxygen deficiency, which

results in low power density, and it also suffers the draw-

back of poor cycling stability [7–9] in the meanwhile.

Although the traditional method has many disadvantages

such as high energy consumption, low efficiency, lack of

fine powder and so on, it is easy to be accomplished in-

dustrialization and application. On the contrary, liquid-

phase methods, such as sol–gel method [10], co-precipita-

tion method [11] and hydrothermal method [12–14], can

improve the purity and reduce the particle size of LiMn2O4,

which can reduce the diffusion distance of lithium ion in

cathode materials and accelerate extrusion speed to improve

the electrochemical performance of materials. However,

LiMn2O4 suffers fast capacity fading during cycling, which

is the major obstacle to its commercialization. Although

spinel LiMn2O4 has many advantages, its poor electrical

conductivity has been considered a limiting factor for using

in high-power applications. Another challenging issue with

cathodes made of LiMn2O4 is that the capacity decays

significantly with charge–discharge cycling, which has been

a major problem prohibiting LiMn2O4 from commercial

application [15]. So far, several reasons are advanced to

explain its poor cycling performance, including structural
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instability, Jahn–Teller distortion and Mn dissolution into

electrolyte [16–24]. Many scientists and engineers all over

the world have made great efforts to improve the cycling

performance of LiMn2O4 at room temperature.

In our recent work, we not only develope the synthesis

of LiMn2O4 via a new hydrothermal route at the relatively

low temperature, but also improve the electrochemical

performances through carbon layer on the surface of the

LiMn2O4. Compared with other methods, the hydrothermal

route as reported in this paper has a lot of merits: low

reaction temperature which reduces the cost of the process,

the low pressure of autoclave, environmentally friendly and

so on. Besides, the effects of carbon layer on the electro-

chemical performances of LiMn2O4 at room temperature

are investigated. Furthermore, this method has been proved

to be a promising treatment for LiMn2O4 sample. The

experiment results show that the LiMn2O4/C product ex-

hibits excellent electrochemical performances at room

temperature compared to the pristine materials.

2 Experimental

The spinel LiMn2O4 is synthesized by a novel acetone

hydrothermal method. Stoichiometric amount of KMnO4

is dissolved in a certain amount of single distilled water,

and a certain amount of LiOH�H2O is slowly added into

the purple solution with the magnetic stirring. The molar

ratio of the Li:Mn is 1:2. After stirring for 20 min, the

certain amount of acetone is added into the mixed solu-

tion. The solution is transferred into a stainless steel au-

toclave after homogeneous mixing. At last, the stainless

steel autoclaves are seated and heated at 120 �C for 6 h.

After being cooled to room temperature, the product is

washed several times with deionized water. The obtained

powder is subsequently dried at 80 �C for 4 h in air. The

obtained samples mixing a measured amount of glucose

are sintered at 600 �C for 2 h in a tubular furnace under

argon atmosphere.

Structural and phase analysis of the resulting powders is

carried out by X-ray diffraction (XRD) (Model D2500v/pc,

Rigaku, Japan) with Cu Ka radiation (40 kV, 200 mA),

with 2h in the 10�–80� range. Their morphology and car-

bon-coating layer of the sample are characterized by the

Transmission Electron Microscope (TEM) (100CX-II

made by JEOL, Tokyo, Japan). Scanning electron micro-

scope (SEM; Hitachi S-4800, Japan) is applied to observe

morphologies of the samples.

At room temperature, the electrochemical characteriza-

tion is performed using CR2032 coin-type test cells made

in the glove box. The electrochemical measurements are

taken on a two-electrode testing cell fabricated in this

work, using lithium as the counter electrode. The

electrolyte consists of 1.0 mol L-1 LiPF6 in ethylene car-

bonate (EC) and dimethyl carbonate (DMC) in a 1:1 (w/w)

ratio. Galvanostatic cycling tests of the assembled cells are

carried out on an LAND system (made in China) in the

voltage range of 3.0–4.3 V (vs Li?/Li) at various current

densities at room temperature in order to estimate the

discharge, rate capacity and cycle-life performance.

3 Results and discussion

Figure 1 shows XRD patterns of LiMn2O4 and LiMn2O4/C

powders. All the intense peaks in the spectrum clearly show

single-phase formation of a spinel structure, indicating the

two samples without any obvious impurities such as

LiMnO2 and MnO2, which often appear in the LiMn2O4

product synthesized by the traditional route. Besides, the

diffraction peaks at 18.66�, 36.30�, 38.06�, 38.06�, 44.1�,
48.3�, 58.21�, 63.80� and 67.38� are indexed to the spinel

LiMn2O4, which are close to those reported in the JCPDS

data (JCPDS No. 35-0782). However, the peaks of the

LiMn2O4 (Fig. 1b) with sintered at 600 �C for 2 h are more

narrower and sharper than the pristine LiMn2O4 (Fig. 1a),

which presents a good crystalline degree compared with

bare LiMn2O4. The XRD pattern of the LiMn2O4/C

(Fig. 1b) sample shows an increase in intensity of the peaks

with a peak broadening, indicating that the formed carbon

can provide a network structure to impede the agitation of

the pristine LiMn2O4. On the other hand, sharp peaks imply

the crystallinity of the materials. All the diffraction peaks of

the XRD patterns can be indexed to a pure phase-centered

cubic which is in good agreement with those reported pre-

viously [25, 26], thus demonstrating the high purity and well

crystallinity of the as-synthesized spinel LiMn2O4.
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Fig. 1 XRD patterns of LiMn2O4 and LiMn2O4/C synthesized in this

study
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Simultaneously, no obvious peaks corresponding to graphite

are found in the XRD pattern, meaning that the carbon in the

sample is not well crystallized. The carbon-coated layer can

only influence the surface of LiMn2O4 particles and almost

has no effect on the bulk.

The morphologies and particle size of the prepared

LiMn2O4 and LiMn2O4/C are examined by TEM, and the

typical images of two samples are shown in Fig. 2. From

Fig. 2a, c, we can see that the morphology of the particles

is the polyhedral morphology, which indicates that the

carbon layer had little difference to the particle mor-

phology. In Fig. 2a, the average particle size is about

320–410 nm. The average particle size with 410–520 nm is

a little larger in Fig. 2c. The HR-TEM image of a randomly

selected single nanorod (Fig. 2b) indicates that the nanorod

is structurally uniform and highly crystalline with lattice

fringe extending to the grain boundary. As can be seen in

Fig. 2d, the carbon-coated material shows an amorphous

layer on the surface of LiMn2O4 core. The thickness of the

carbon layer corresponds to around 2 nm. Because the

carbon-coating layer is very thin, it is difficult to find any

obvious differences between Fig. 3a, b.

The SEM images of the surface morphology of the bare

LiMn2O4 and LiMn2O4/C powders are presented in Fig. 3.

From Fig. 3, lots of small polyhedral particles are received,

which indicates the shape of the spinel LiMn2O4. The two

samples are homogeneously distributed with an average

particle diameter of 5 lm, which suggests that the carbon

layer has no obvious effect on the particle size. Besides, in

Fig. 3a, b, no large difference can be observed from the

SEM images. The narrow size distribution and unique

morphology make the materials possible to achieve better

electrochemical performances.

Figure 4 shows the initial discharge curves of the two

samples at the rate of 0.1 C, and its electrochemical per-

formance with respect to Li intercalation–deintercalation is

investigated in the voltage range of 3.0–4.3 V. The dis-

charge curves show the pseudo-plateaus at around 4.0 V,

which is a typical profile for the electrochemical deinser-

tion/insertion of Li? from/into the LiMn2O4. At the same

Fig. 2 a TEM and b HR-TEM images of LiMn2O4, c TEM and d HR-TEM images of LiMn2O4/C
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time, it is clearly seen that the LiMn2O4/C displays a much

higher capacity than the pristine LiMn2O4. The initial

discharge capacity for the LiMn2O4 microspheres (Fig. 4a)

is 128.9 mAh g-1, while that of the LiMn2O4/C micro-

spheres (Fig. 4b) is 134.9 mAh g-1. Sample (b), however,

displays higher discharge capacity than that of sample

(a) when cycles at the same current density. A slight in-

creasing of capacity of sample (b) may contribute to the

Li?–Li? coulomb repulsion which is lower at the surface

of carbon-coating material, thus enhancing local capacity

as there on neighboring Li? outside the particle. Conse-

quently, it can be concluded that the carbon layer forms a

continuous conductive layer to enhance the electro-

chemical performance.

The modification effect on the capacity retention of the

pristine LiMn2O4 is investigated as a function of the carbon

layer. Figure 5 shows the cycling performances of the

pristine LiMn2O4 and LiMn2O4/C at room temperature

using Li metal as the counter electrode. From Fig. 5, it can

be seen that sample (a) shows an average capacity loss of

0.146 mAh g-1 per cycle, in other words, after 100 charge/

discharge cycles, with capacity losses of 14.20 %. How-

ever, in the case of the carbon layer, not only the initial

capacity becomes higher, but also the discharge capacity

after 100th cycles decreases to 129.1 mAh g-1 with the

capacity losses of 4.3 %. The carbon layer is apparently the

most effective in improving the cycling performance of

LiMn2O4. The certain thickness of carbon layer can pro-

duce a long lithium diffusion length, which all can influ-

ence the deintercalation–intercalation of the lithium ions

and restrict the cycling stability performance and capacity.

Therefore, the cycling performance and specific capacity

are enhanced due to the carbon layer which can avoid the

core material directing contact with the acidic electrolyte;

at the same time, it can improve the electronic conductivity

of LiMn2O4 sample.

Fig. 3 SEM image of LiMn2O4 and LiMn2O4/C
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Fig. 4 Initial discharge curves of LiMn2O4 and LiMn2O4/C in the
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Nyquist plots of the sample LiMn2O4 (a) and LiMn2O4/

C (b) using Li metal as the counter electrode are shown in

Fig. 6. It could be seen that all two cells have a similar

ohmic resistance, but the charge-transfer resistance (Rct) of

the sample LiMn2O4 was bigger (Rct & 201.6 X) than the

sample LiMn2O4/C (Rct & 109.3 X). It could be seen

clearly that the charge-transfer resistance (Rct) of the

LiMn2O4/C was much lower than that of the pristine one,

which indicated that the rate capability of the sample

LiMn2O4/C would be better than that of the pristine one.

The dates of Nyquist plots indicate that the carbon coating

can improve the conductivity of the material.

The discharge capacities of LiMn2O4 and LiMn2O4/C at

different rates, varying from 0.1 to 1 C, using Li metal as

the counter electrode are shown in Fig. 7a. The first

specific discharge capacity of the bare LiMn2O4 (a) and

LiMn2O4/C (b) is 128.4 mAh g-1 and 134.6 mAh g-1 at

0.1 C after 15 cycles. But the LiMn2O4/C keeps 97.18 % of

its capacity compared with that at 0.1 C, which is larger

than the pristine LiMn2O4 even at 1 C. Compared with the

low rate, the specific capacities of the pristine are 120.1,

112.4, 98.3 mAh g-1, and their capacity retentions are

96.42, 94.84, 91.66 % at 0.2 C, 0.5 C, 1 C after 15 cycles,

respectively. As expected, the discharge capacity decreases

with an increase in the rate. The figures show that even

though the LiMn2O4 sample has uniform particle size

particles, it displays inferior rate performances attributing

to the large Mn dissolution from spinel material into the

electrolyte. Simultaneously, the sample exhibits excellent

low-rate performance, which demonstrates the acetone

hydrothermal method is a powerful novel method to syn-

thesize pure LiMn2O4 product. Whereas the LiMn2O4/C

sample shows a faster increase in capacity than pure

LiMn2O4, the reversible capacities of the LiMn2O4/C are

133.5, 132.7, 131.1 mAh g-1, at 0.2 C, 0.5 C and 1 C after

15 cycles, corresponding to 1.80, 2.34 and 2.90 % capacity

fading, respectively. The discharge capacities of LiMn2O4

and LiMn2O4/C at 2 and 5 C rates, using Li metal as the

counter electrode, are shown in Fig. 7b. The specific ca-

pacities of the pristine are 105.1, 92.5 mAh g-1, and their

capacity retentions are 92.48, 89.51 % after ten cycles,

respectively. Whereas we can clearly see that the LiMn2O4/

C sample shows a faster increase in capacity than pure

LiMn2O4, the reversible capacities of the LiMn2O4/C are

119.6, 112.8 mAh g-1 at 2 and 5 C after ten cycles, cor-

responding to 1.92 and 3.19 % capacity fading, respec-

tively, which indicates the LiMn2O4/C has the excellent

rate capacity.

The improvement of the electrochemical performance

attributes to the existence of carbon layer which can reduce

the Mn dissolution from bare LiMn2O4 into the electrolyte

and provides intergrain connectivity to the hybrid
Fig. 6 Nyquist plots of LiMn2O4 (a) and LiMn2O4/C (b) using Li

metal as the counter electrode

Fig. 7 Variation in discharge capacity versus cycle number for the LiMn2O4 (a) and LiMn2O4/C (b) at different rates using Li metal as the

counter electrode, between 3.0 and 4.3 V
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electrode. Evidently, the excellent rate capacity is due to

the carbon layer on the surface of the bare LiMn2O4. The

low-temperature, soft-chemistry and carbon-coated method

discussed in this report, and we provide a promising way to

synthesize spinel LiMn2O4 and LiMn2O4/C, which is vital

for future EV application.

The cycle performance of the LiMn2O4 (a) and LiMn2-
O4/C (b) at the rate of 0.1 C at 55 �C is shown in Fig. 8.

The pristine material exhibits a discharge capacity decline

from 124.4 to 101.1 mAh g-1, with a capacity loss of

18.73 % at the 60th cycle, whereas the sample LiMn2O4/C

shows only 5.84 % discharge capacity loss. Therefore, the

sample LiMn2O4/C exhibits more stable cycle performance

than the pristine LiMn2O4.

4 Conclusion

In the present work, the structure and electrochemical

properties of spinel LiMn2O4 synthesized by a novel ace-

tone hydrothermal method are studied. Compared with the

pristine LiMn2O4, the LiMn2O4/C shows much better ca-

pacity performance. The initial discharge capacity of

LiMn2O4 is 128.9 mAh g-1 at 0.1 C rate, and the discharge

capacity of the LiMn2O4/C increases to 134.9 mAh g-1 at

0.1 C rate. At the same time, it exhibits an excellent cycling

reversibility after 100 cycles, and 95.7 % of discharge

capacity can be retained. The LiMn2O4/C sample with

excellent rate performance shows a faster increase in ca-

pacity than pure LiMn2O4, and the reversible capacities of

the LiMn2O4/C are 133.5, 132.7, 131.1 mAh g-1 at 0.2 C,

0.5 C and 1 C. Even at higher rate (i.e., 2 C, 5 C), the

reversible capacities of the LiMn2O4/C are 119.6,

112.8 mAh g-1 at 2 and 5 C after ten cycles, correspond-

ing to 1.92 and 3.19 % capacity fading, respectively, which

indicates the LiMn2O4/C has the excellent rate capacity.

The spinel LiMn2O4 synthesized with this method is ex-

pected to present applications in lithium-ion batteries.

Furthermore, the methodology with a low temperature and

no sintering presents a new possibility to develop other

cathode materials with excellent electrochemical

performances.
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