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a b s t r a c t

Nano-sized LiMn2O4 spinel with well crystallized homogeneous particles (60 nm) is synthesized by a
resorcinol–formaldehyde route. Micro-sized LiMn2O4 spinel with micrometric particles (1 �m) is pre-
pared by a conventional solid-state reaction. These two samples are characterized by XRD, SEM, TEM,
BET, and electrochemical methods. At current rate of 0.2C (1C = 148 mA g−1), a discharge capacity of
136 mAh g−1 is obtained on the nano-sized LiMn2O4, which is higher than that of micro-sized one

−1
eywords:
ithium-ion batteries
ithium manganese oxide
igh rate

(103 mAh g ). Furthermore, compared to the micro-sized sample, nano-sized LiMn2O4 shows much bet-
ter rate capability, i.e. a capacity of 85 mAh g−1, 63% of that at 0.2C, is realized at 60C. The excellent high
rate performance of nano-sized LiMn2O4 spinel may be attributed to its impurity-free nano-sized parti-
cles, higher surface area and well crystalline. The outstanding electrochemical performances demonstrate
that the nano-sized LiMn2O4 spinel will be the promising cathode materials for high power lithium-ion
batteries used in hybrid and electric vehicles.
. Introduction

In recent years, high power lithium-ion batteries are increas-
ngly required due to high power applications in hybrid electric
ehicles, portable power tools and medical equipments [1–3]. Cath-
de materials are the key component of lithium-ion batteries
hat directly determines the power density. An effective route to
ncrease power density of the cathode materials is to develop nano-
ized particles [4]. Their reduced dimensions increase significantly
he rate of Li+ insertion/removal, because of the short distances
or Li+ transport within the particles and the high interfacial area
etween active material and electrolyte [5].

Lithium manganese oxide, LiMn2O4, with the cubic spinel struc-
ure, is a promising alternative cathode material for lithium-ion
atteries by virtue of the advantages such as good rate capac-

ty, high potential, high abundance of Mn in the earth, low cost,
ow toxicity and good safety [6,7]. So it is significant to synthe-
ize and investigate the nano-sized LiMn2O4 spinel with high rate
apability. In general, LiMn2O4 spinel has been synthesized by
onventional solid-state reactions that involve the mechanical mix-
ng of lithium and manganese salts followed by high temperature

alcination and extended grinding. This method has many disad-
antages: impurity phases, inhomogeneity, irregular morphology,
arge particle size and broad particle size distribution [8–10]. In
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order to overcome these disadvantages, several low temperature
techniques have been developed to prepare the desired nano-sized
LiMn2O4 spinel, such as sol–gel method [11,12], Pechini process
[13], combustion process [14], chemical precipitation [15], explo-
sive process [16] and hydrothermal method [17].

In the present work, we reported the synthesis and electrochem-
ical performances of a nano-sized LiMn2O4 spinel prepared by a
novel resorcinol–formaldehyde route. For comparison, micro-sized
LiMn2O4 spinel was also synthesized by a conventional solid-state
reaction and tested electrochemically. To understand the improved
rate capability of the nano-sized LiMn2O4, structure and morphol-
ogy were also investigated.

2. Experimental

2.1. Sample preparation and characterization

Nano-sized LiMn2O4 spinel was synthesized by a novel
resorcinol–formaldehyde (RF) route. 0.08 mol LiCH3COO·2H2O,
0.16 mol Mn(CH3COO)2·4H2O (99% purity, Alfa Aesar) were dis-
solved in 200 ml of ethanol containing 0.4 mol of resorcinol (99%
purity, Alfa Aesar) and 0.6 mol of formaldehyde (36.7% in water,
methanol stabilized, Alfa Aesar) and mixed thoroughly, then the
solution was maintained at 60 ◦C until a pink transparent gel was

obtained. The resultant gel was pyrolyzed at 360 ◦C for 10 h in air
to remove the organic contents. This heat pyrolyzed precursor (RF-
360) was ground to a fine powder and calcined at 650 ◦C in air for
10 h to obtain the final spinel product (RF-650).

ghts reserved.
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by the inadequate mixing of starting materials in the solid state
reaction, which is consistent to the reported results [20].
494 Y.C. Chen et al. / Journal of Po

Micro-sized LiMn2O4 spinel was prepared using a conventional
olid-state reaction (SSR) methods from a stoichiometric mixture of
iCH3COO·2H2O and Mn(CH3COO)2·4H2O (99% purity, Alfa Aesar).
he well-milled solid mixtures were preheated at 360 ◦C for 10 h in
ir and the obtained powders were well ground at room temper-
ture. The well-ground powders (SSR-360) were calcined again at
50 ◦C for 10 h in air and then ground after being cooled to room
emperature. Thus the final product (SSR-650) was obtained.

Thermogravimetry (TG) and differential thermal analysis (DTA)
ere conducted in air from room temperature to 900 ◦C on a TA

DT-Q600 thermal analysis system at a scan rate of 10 ◦C min−1. The
hase purity, crystal structure, and lattice parameters of the sam-
les were characterized by a Rigaku TTR-3 Powder X-ray diffraction
XRD), using Cu K� radiation, in the range of 10–70◦ (2�). Sur-
ace area measurements of the powders were conducted using BET

ethod by a NOVA-1000 instrument and nitrogen gas. Morpholog-
cal studies were carried out using a Hitachi S-4800 field emission
canning electron microscopy (FESEM) and a FEI F20 transmission
lectron microscopy (TEM).

.2. Electrochemical measurements

The electrode was prepared by following processes. First, the
lurry was formed by mixing 80 wt% LiMn2O4 spinel, 10 wt% acety-
ene black and 10 wt% PVDF binder (dissolved in NMP). The mixed
lurry was coated onto an aluminum current collector with typi-
al active material loading of about 3 mg cm−2. Then the electrodes
ere dried under vacuum at 110 ◦C for 12 h and then punched out

nd weighed.
The cells were assembled in an argon-filled glovebox (Mikrouna,

hina). A Li metal foil (99.9% purity, 200 �m thick) was used as
he reference electrode and counter electrode, while the positive
as used as the working electrode. The 1.0 M commercial LiPF6 in

C:DEC (1:1 in volume) was used as the electrolyte and Celgard
400 membrane as the separator.

The cyclic voltammograms (CVs) were conducted via a three-
lectrode system with lithium metal as the counter and reference
lectrodes. The scan was performed at a sweep rate of 0.1 mV s−1

rom 3.2 to 4.5 V (vs. Li/Li+) using an Autolab Pgstat30 elec-
rochemical workstation. Charge–discharge tests were conducted
alvanostatically on a LAND CT2001A multi-channel battery tester
etween 3.0 V and 4.3 V (vs. Li/Li+) at room temperature.

. Results and discussion

.1. Structure and morphology characterization of samples

Fig. 1 shows the TG-DTA curves for the thermal decomposition
f the resultant gel at a heating rate of 10 ◦C min−1. Large weight
oss (about 50 wt%) was observed at above 360 ◦C, corresponding
o an obvious exothermal peak in the DTA curve at about 390 ◦C.
he peak can be ascribed to the decomposition of organic contents
nd the formation of the spinel LiMn2O4 phase as confirmed by
ollowing XRD characterization.

The XRD patterns of the samples are shown in Fig. 2. Fig. 2a
hows the XRD of a product (RF-360) obtained by heating the pre-
ursor at 360 ◦C, and the spinel structure was observed although
he peaks are relatively broad. This suggests that crystallization of
pinel could occur at a low temperature of 360 ◦C in our system.

hen the precursor was calcined at a higher temperature of 650 ◦C,
he diffraction peaks become both stronger and narrower (Fig. 2b),

orresponding to the improved crystalline and more ordered spinel
tructure. The observed spinel structure in samples RF-360 and RF-
50 belongs to a cubic structure with space group of Fd3m, wherein
he lithium ions occupy 8a sites, the manganese ions occupy 16d
Fig. 1. TG–DTA curves of the resultant gel at a heating rate of 10 ◦C min−1 in air.

sites and oxygen ions occupy 32e sites [18,19]. The refined lattice
parameter of RF-650 are a0 = 8.2343 Å, is close to the standard data
(a0 = 8.236 Å) given by JCPDS 88-1026.

While in the case of solid state reaction synthesis, as shown in
Fig. 2c, impurity phases of Mn3O4 and MnO were detected in the
sample preheated at 360 ◦C (SSR-360). Even for the product syn-
thesized at high temperature of 650 ◦C (SSR-650), diffractions from
impurity of Mn2O3 were also observed (Fig. 2d). That may be caused
Fig. 2. XRD patterns of the samples: (a) RF-360, (b) RF-650, (c) SSR-360, and (d)
SSR-650.
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RF-650, the cyclic voltammograms were used to study the oxida-
tion/reduction and/or phase transformation processes in electrode
reactions [22–24]. For comparison, CVs have been performed on
both the sample RF-650 and SSR-650. Fig. 6 presents the nor-
Fig. 3. (a) FESEM image of RF-360, (b) FESEM image of RF-650, (c) TEM im

Fig. 3 shows the FESEM and TEM images of the samples. It can
e seen from Fig. 3a and b that the pyrolyzed precursor RF-360
nd final product RF-650 have a porous morphology, composed
f interconnected nano-sized particles (50–100 nm). The porous
orphology may be attributed to the action of the resorcinol and

ormaldehyde that form a complex organic network where the
etal ions are uniformly distributed in the matrix, and the resultant

el is of atomic scale and homogeneously mixed with each other.
hus, during thermal decomposition process it may be able to pre-
ent phase separation and lead to the formation of homogeneous
ano-sized particles. Fig. 3c shows TEM image of the sample RF-
50, it can be seen that the average grain size is about 60 nm. The
elected area electron diffraction (SAED) pattern corresponding to
group of RF-650 particles is shown in Fig. 3c (inset), the SAED

attern shows the RF-650 particles are crystalline. Fig. 3d and e
hows the FESEM images of the preheated sample SSR-360 and the
nal product SSR-650. It can be seen that the active mass has nearly
ubic morphology with a diameter of about 1 �m.

.2. Electrochemical performance

Fig. 4 shows the initial charge–discharge curves of the sample
F-650 and SSR-650 at 0.2C (29.6 mA g−1). Both samples exhibit
wo plateaus around 3.95 and 4.1 V in the charge–discharge curves.
his is due to two-step oxidation/reduction process, which is a
haracteristic of LiMn2O4 spinel. The initial charge and discharge
pecific capacities of the sample RF-650 were 141 and 136 mAh g−1

corresponding to 92% of the theoretical capacity of 148 mAh g−1),
espectively, indicating a columbic efficiency of 96.5%. While the
nitial charge and discharge specific capacities of the sample SSR-
50 are only 119 and 103 mAh g−1 respectively. Compared to
ample RF-650, lower discharge potential was also observed on
ample SSR-650. According to the XRD and SEM characterization,
t is the observed poor phase purity and the larger size particles on
ample SSR-650, that may be responsible for the decreased elec-
rochemical properties.

The rate capabilities of the sample RF-650 and SSR-650 are

hown in Fig. 5. The rate capability was expressed as ratios of
ischarge capacities at various C-rates vs. those obtained at 0.2C
Fig. 5a). The discharge curves of the sample RF-650 and SSR-650
t various C-rates are shown in Fig. 5b and c. Much improved rate
f RF-650, (d) FESEM image of SSR-360, and (e) FESEM image of SSR-650.

capability was observed on sample RF-650. For example, the initial
discharge capacity of 107 mAh g−1, 79% of that at 0.2C, was obtained
on the sample RF-650 at 40C, while only a 44 mAh g−1 could be
realized on sample SSR-650 at 10C. The excellent rate capability
was also proved by comparing the potential drop of those two
samples, i.e., much high potential polarization was observed on
the sample SSR-650. According to the BET surface measurement,
sample SSR-650 has a much higher surface area (12.6 m2 g−1) than
that of SSR-650 (1.67 m2 g−1). As a result, the sample RF-650 com-
posed of impurity-free nano-sized particles with large interface
area can provide more area contacting with electrolyte and short
diffusion length for deintercalation/intercalation of lithium ions in
charge–discharge processes, attributing to the excellent high rate
performance at high current rates [7,21].

To address the excellent rate capability of the nanosized
Fig. 4. Initial charge–discharge curves of the sample RF-650 and SSR-650 at 0.2C
between 3.0 and 4.3 V.
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Table 1
Cyclic voltammogram peaks of the sample RF-650 and SSR-650.

Sample Forward scan (charge process) Backward scan (discharge process)

Peak A1 (V) Peak A2 (V) Peak C2 (V) Peak C1 (V)

Nano-sized RF-650 4.037 4.164 4.073 3.962
4.185 (+0.021) 4.059 (−0.014) 3.944 (−0.018)

V

m
o
r
i
i
o
t

F
c
C

Micro-sized SSR-650 4.046 (+0.009)

alues in brackets are difference compared with the sample RF-650.

al CV scans measured between 3.2 and 4.5 V at a sweep rate
f 0.1 mV s−1. The CV curves exhibit two pairs of clearly sepa-
ated oxidation/reduction peaks. The high potential pair of peaks
s attributed to Li+ insertion/removal from the 8a sites where Li–Li

nteractions do not occur, corresponding to Li+ insertion/removal
ver the x value range of 0 ≤ x ≤ 0.5 in LixMn2O4. The low poten-
ial pair of peaks is attributed to Li+ insertion/removal from the

ig. 5. (a) Rate performances of RF-650 compared with SSR-650. (b) The discharge
urves of RF-650 at various C-rates. (c) The discharge curves of SSR-650 at various
-rates.
Fig. 6. Cyclic voltammograms of the sample RF-650 and SSR-650.

8a sites but where Li–Li interactions occur, corresponding to Li+

insertion/removal over the x value range of 0.5 ≤ x ≤ 1 in LixMn2O4
[8]. Compared to sample SSR-650, sample RF-650 shows lower
redox potentials in anodic processes while higher redox potentials
in cathodic processes. The detailed peak potentials for the sample
RF-650 and SSR-650 and their differences are listed in Table 1. This
implies higher potential polarization to SSR-650, which agrees well
to the results in charge–discharge processes (Fig. 5).

4. Conclusions

The nano-sized LiMn2O4 (RF-650) spinel with well crystal-
lized homogeneous particles (60 nm) has been synthesized by a
resorcinol–formaldehyde route. Micro-sized LiMn2O4 spinel (SSR-
650) with micrometric particles (1 �m) has been prepared by
a conventional solid-state reaction. Electrochemical tests reveal
the sample RF-650 exhibits a high initial discharge capacity
(136 mAh g−1) at a rate of 0.2C (29.6 mA g−1), which is much higher
than those of the sample SSR-650 (103 mAh g−1 at 0.2C). The for-
mer with capacity retention of 79% at 60C discharge rate, shows
much better high rate capability than the latter. The excellent
high rate performance of the sample RF-650 may be attributed
to its impurity-free nano-sized particles, higher surface area and
well crystalline. The outstanding electrochemical performances
demonstrate that the nano-sized LiMn2O4 spinel (RF-650) will be
a promising cathode material for high power lithium-ion batteries
needed for hybrid and electric vehicles.
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