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Melt-Impregnation Synthesis of Single Crystalline Spinel LiMn,O,
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Abstract: The single crystalline spinel LiMn,O, was synthesized by melt-impregnation method with the precursor
B-MnO, and LiOH. The 8-MnO, was prepared from Mn(CH;COO),-4H,0 and Na,S,05 by hydrothermal reaction.
Based on TGA/DTA analysis, the optimal calcination temperature is fixed at 470 °C for 5 h followed by 750 C

for 12 h. The inuence of the sintering process on properties of single crystalline LiMn,0, was also investigated.

XRD, FTIR and SEM results demonstrate the uniform particles and good crystallinity of single crystalline spinel

LiMn,0, nanorods. The single crystalline LiMn,O, obtained by Melt-impregnation method exhibits a superior

electrochemical performance, which delivers an initial specific capacity of 126 mAh -g ™'

and 91% capacity

retention at the 100th cycle in the potential range of 3.0 to 4.4 V (vs Li/Li*).
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0 Introduction

Looking for green renewable resources to replace
non-renewable resources is essential in 21st century
because of the worldwide energy shortage. Li -ion

batteries, owing to their high energy density, light
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weight, and long cycle life, have been regarded as one
of the near-term solutions'*. However, the reported Li
-ion technologies fall short of meeting the electric
vehicles’ requirement of higher charge-discharge rate
capability. Therefore, it is highly desirable to develop

the materials and systems of the high performance Li-
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ion battery!*.

Spinel LiMn,O, is a promising candidate to
replace layered Ni or Co oxide materials as the
cathode in Li-ion batteries due to its low cost,
environmental friendliness, high abundance, and
better safety™. Besides, the spinel LiMn,0, also has
good ion transmission channel because of its three-
dimensional crystal structure®'’.

Traditional polycrystalline LiMn,O, materials are
usually prepared by solid-state reaction with electrolytic
manganese dioxide and lithium sources as raw
materials!". Ye et al™ used Li,CO; and commercial
MnO, as raw materials to synthesize spinel LiMn,0, at
500 C after a ball-milling promoted solid-state reaction.
spinel  LiMn,0,

significant capacity fading and poor cycleability when

However, the synthesized shows
it is cycled over a wide voltage range for increasing
the energy density. Two reasons have been considered
as the main sources for the capacity fading, one is
the dissolution of Mn** by the disproportional reaction
2Mn*—Mn*+Mn*, and the other is the generation of
new phases during cycling and the related micro-
strains!">'.,

Recently, researchers have tried many ways to
solve the problem of capacity fading during cycles of
spinel LiMn,O,. Single crystalline LiMn,O, with the
same space lattice in the three-dimensional plays an
important role in solving this problem. Firstly, it can
improve the two-phase stability in the high voltage
region  for  lithium  ion  insertion/extraction.
Additionally, single crystalline LiMn,0, with the long-
range ordered structure can reduce the obstacle in the
lithium ion insertion/extraction. The single crystalline
primary particles with the nanostructure have also
been shown to enhance power performance due to
suitable surface-to-volume ratio determined by the

B2 Up to now, researchers

morphology of nanorods!
have already synthesized the single crystalline LiMn,0,
by a variety of methods. Ding et al™ synthesized single
crystalline LiMn,O, by calcining the mixture of the
precursor and lithium source. In order to obtain the
good morphology of nanotube, a template-engaged

reaction was used in their work. The first discharge

capacity of the obtained single crystalline LiMn,0, is
about 115 mAh-g™ at 0.1C. In addition, Tang et al ™
used a LiCl-Mn(NOs), system to synthesize single
crystals of spinel LiMn,O,. In order to obtain the
uniform fine single crystals of LiMn,O, a series of
reaction temperature and time during calcination step
were investigated in their work. All above methods
can synthesize relatively fine single crystals of
LiMn,0,, but cumbersome steps and poor cycle life
always exist in their work.

Different from the above preparation methods, a
simple synthesis method for producing single
crystalline LiMn,O, nanorods as cathode material for
Li-ion secondary batteries has been studied in this
article. Instead of commercial MnO,, the single
crystalline 8-MnO, nanorods synthesized by hydroth-
ermal method are used as precursor. The influence of
the reaction time and temperature on the morphology,
particle size and properties of the precursor has been
studied. Then, the melt-impregnation method which is
simple and requires neither ball-milling nor grinding
has been adopted to synthesize single crystalline
LiMn,0, nanorods. In this process, the molten LiOH is
totally absorbed into the lattice of 8-MnQO,, leading to
a homogeneous mixture. The obtained single crystal-
line LiMn,O, with the well crystallinity and morph-

ology exhibits a superior electrochemical performance.
1 Experimental

1.1 Synthesis of single crystalline LiMn,O,

nanorods

The synthesis of B-MnO, nanorods was carried
out by a hydrothermal method®. All the chemical
reagents were analytical grand and used without
further purification. In a typical synthesis, Mn(CH;COO),
*4H,0 and Na,S,05 were dissolved with a molar ratio
of 1:1 in 80 mL of distilled water by magnetic stirring
at room temperature to form a homogeneous clear
solution. The mixed solution was then transferred into
a 100 mL Teflon-lined stainless steel autoclave, sealed
and heated
hydrothermal reaction at 120 °C for 10 h. After the

reaction completed, the autoclave was taken out and

in a preheated electric oven for
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naturally cooled to room temperature. The obtained
black precipitated products were washed with distilled
water several times by centrifugation to remove excess
ions. The obtained powders were dried at 100 °C in
air over night.

In a typical synthesis of LiMn,O, nanorods: as-
synthesized B-MnO, nanorods and LiOH with a
suitable molar ratio in stoichiometric were mixed to
form a mixture. Then the product was obtained by the
melt-impregnation method  without grinding. The
mixed powders were precalcined in air to make the
molten state lithium into the lattice of the B-MnO,,
and from a well-mixture. Then the well-mixture was
heated to a relatively high temperature for further
sintering.

1.2 Determined of the reaction condition of
single crystalline LiMn,O,
hydrothermal

We adjusted some common

treatment conditions such as reaction time (8, 10, 12,
14 h) and temperature (100, 120, 140, 160 °C) to
obtain single crystal 8-MnO, nanorods. The molten
LiOH at 470 °C for 5 h was totally absorbed into the
lattice of B-MnO,, leading to a homogeneous mixture,
and then heated to 750 °C and held for 12 h.
1.3 Physicochemical characterization

The nanostructure and crystalline of 8-MnO, and
LiMn,O, were characterized by X-ray diffraction
(XRD, D/MAX-2500, Japan) analysis using Cu Ko-
radiation (A=0.154 18 nm) between 10° and 90° at 40
kV and 20 mA. TGA test was performed to investigate
the calcination temperature on Q500V20.10 Build 36
from 0 °C to 800 °C with a heating rate of 10 °C +min™".
The morphology and size of the prepared nanostru-
cture B-MnO, and LiMn,O, were analyzed by S-4800
field emission scanning electron microscopy (FESEM,
Hitachi S-4800, accelerating voltage of 15 kV, Japan).

High-resolution transmission electron microscopy
(HRTEM) and selected-area electron diffraction (SAED)
were collected on JEM-2100F with an accelerating
voltage of 200 kV. A Fourier transform infrared
spectrometer (FT-IR, Avatar360) was used to study the
structure coordination of the precursor and single

crystalline LiMn,0,.

1.4 Electrochemical investigation

The electrodes for electrochemical studies were
prepared by mixing 80wt% LiMn,0O, as the active
material 10wt% carbon black (Vulcan-72, Cabot Co.,
USA) as the conductive agent, and 10wt% polytetra-
fluoroethylene as the binder. A small quantity of
ethanol was used to mix the three components
followed by an ultrasonication treatment for 30 min.
Then the slurry was coated onto an aluminum foil
current collector and dried at 100 °C for 12 h in a
vacuum oven. The coated cathode foil was then
pressed to form a uniform layer and punched in the
form of a round disk with a 14 mm diameter. The
cathode was performed using CR2032 coin-type cells
which were assembled in a glove box filled with
argon. Lithium metal foil was used as the anode, a 1
mol - L™ solution of LiPFs in ethylene carbonate/diethyl
carbonate (EC/DEC, 1:1, V/V) was used as the
electrolyte with a microporous polypropylene film
(Celgard 2000) as the separator. The charge-discharge
cycle tests were performed at various C rates between
3.0 and 4.4 V (vs Li/Li*) by a land battery test system
(CT-2001) at room temperature. Cyclic Voltammogram
(CV)  was on LK3200

workstation at a scan rate of 0.1 mV -s™ from 3.0 to

recorded electrochemical
4.4V (vs Li/Li*). The electrochemical potential changes
also can be used to investigate the structural changes

during cycles.
2 Results and discussion

2.1 Physicochemical properties of precursor

B-MnO, and single crystalline LiMn,0,

All the diffraction peaks in Fig.la can be readily
indexed to the pure tetragonal phase of 8-MnO, (PDF
24-0735) with P4,/mnm space group, lattice constants
a=0.439 99 nm and ¢=0.287 40 nm. No peaks for other
types of manganese oxides can be observed, indicating
that the as-prepared products are phase-pure 8-MnO,
nanorods. The sharp diffraction peaks also reveal that
the products are well crystalline ones. All the
diffraction peaks on the XRD patterns of Fig.1b can
be indexed to a pure face-centered cubic spinel

LiMn,0, (PDF card No.35-0782), which belongs to the
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Fig.1 XRD patterns of the as-synthesized (a) B-MnO, nanorods as precursor by the hydrothermal method, with the PDF card

number at the bottom (b) the single crystalline LiMn,0, nanorods as obtained from melt-impregnation method,

(c) the single crystalline LiMn,0, nanorods after 100 cycles at 0.1C, the PDF card number at the bottom
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Fig.2 FTIR spectra of (a) B-MnO, precursors and (b) single crystalline LiMn,O, obtained by the melt-impregnation method

Fd3m space group. No peaks of the 8-MnO, phase are
detected in Fig.1b, demonstrating that the single-
phase spinel LiMn,0, can be obtained from melt-
impregnation method. The XRD pattern of the single
crystalline LiMn,0, after 100 cycles is shown in Fig.
lc. The good crystallinity of the single crystalline
LiMn,0, after 100 cycles is maintained with a slight
difference in the intensity and sharpness. In short, the
single crystalline LiMn,0, synthesized by this method
has good loop stability and a good crystal structure
even after 100 cycles (Fig.1c).

Fig.2 shows the FTIR spectra of the B-MnO,
precursors and single crystalline LiMn,O, nanorods.
As shown in Fig.2a, the bands at around 3 400, 1 637
and 1 400 cm™ correspond to the O-H vibrating mode
of traces of absorbed water. The bands at about 709,
525, 462 and 418 c¢cm™ can be ascribed to the Mn-O

vibrations of the rutile-type MnOg octahedra framework,

which present a clear signature that can be used for
probing the B-MnO, type materials. It is noticeable
that there are no IR bands related to the Ramsdellite
impurity and the results are in good agreement with
the published values™>!. The FTIR spectra of LiMn,0,
samples are shown in Fig.2b. The observed high-
frequency bands, located around 618 and 517 c¢m™,
are associated with the asymmetric stretching modes
of MnOy group. These results are quite similar to those
given in earlier reports®.

In order to determine the reaction temperature of
the melt-impregnation method, TGA/DTG  (Fig.3) test
was performed. As shown in Fig.3b, the peak at 100
°C corresponds to the loss of the crystal water in
LiOH -H,0. Whereas, LiOH begins to decompose with
the temperature increasing to 500 °C. Thus, we choose
the temperature of 470 °C being lower than 500 as

pretreatment temperature to melt LIOH, which results
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Fig.4 SEM images of (a, b) the precursor 8-MnO, nanorods with different magnifications, (c, d) the single crystalline

LiMn,0, nanorods with different magnifications, (e, f) the single crystalline LiMn,O, nanorods after 100 cycles

at 0.1C with different magnifications

in well mixing of molten LiOH with -MnO,. However,
the thermal decomposition of the mixture of LIOHH,O
and MnO, occurs at 200 °C  (Fig.3c¢ and d). The
weightlessness also can be observed between 300 and
500 °C. In addition, another weightlessness is observed
over 650 °C, which is probably due to the formation of

LiMn,0,”. And when the temperature increases to
750 °C, the rate of the weight loss is the maximum.
Therefore, 470 °C is determined as the pretreatment
temperature, and the calcination temperature is 750 C.

As is shown in Fig.4a and b, all of the B-MnO,

samples are well dispersed with average diameter 20~
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Fig.5 (a) TEM micrograph of single crystalline LiMn,0y; Inset, the selected-area electrode diffraction (SAED) pattern;

(b) HRTEM micrograph (obtained from rectangular box in Fig.5a) of single crystalline LiMn,O,; Inset: the fast

Fourier transform (FFT) pattern

30 nm and lengths of several micrometers. Fig.4c and
d show the SEM images of the single crystalline
LiMn,O, obtained from melt-impregnation method.
Obviously, the high quality cubic spinel LiMn,O,
nanorods are well-dispersed and mainly maintain the
morphology of nanorods, but a wider average diameter
of 160 nm and a shorter average length of 650 nm
comparing to those of the precursor 8-MnO, nanorods.
Fig.4e and f show the images of the single crystalline
LiMn,0, nanorods after 100 cycles at 0.1C, which
exhibits that the single crystalline LiMn,O, still
maintains good morphology of nanorods, indicating the
well stability of the materials during the cycles.

Fig.5 shows a representative TEM micrograph of
the single crystalline LiMn,O, The selected-area
electron diffraction (SAED) pattern (Fig.5a, inset), in
which a series of dots array in a line and every dot
can be seen clearly without diffraction rings, implying
a single-crystal structure™. A HRTEM (Fig.5b) of
single crystalline LiMn,O, extracted from Fig.5a shows
that the (111) and (311) atomic planes with a lattice
spacing of 0.48 nm and 0.25 nm, respectively. The
obtained nanorods grow along the [111] crystallographic
direction, increasing the abundance of the (311)
plane. Additionally, the FFT pattern in inset of Fig.5b
also suggests that nanorods are single crystalline.

2.2 Electrochemical performance of single
crystalline LiMn,0,

Coin-type cell configuration was used to evaluate

the electrochemical properties of the materials as

cathode electrode. First charge-discharge curve of
single crystalline LiMn,O, nanorods at 0.1C (14.8
mAh-g™) in the potential range of 3.0~4.4 V (vs Li*/
Li) is shown in Fig.6a. The discharge curve exhibits
two undistinguished plateaus at around 3.9 and 4.1 V,
which indicates the charge/discharge signature of the
lithium-rich spinel structure™. The single crystalline
LiMn,0, with this characteristic is also generally
expected to have better cycle performance as a
cathode electrode material than the normal
stoichiometric one. The charge capacity is about 132
mAh -¢7, and the discharge capacity is about 126
mAh-g”', showing a high Coulombic efficiency of 95%
at first cycle. As shown in Fig.6b, the discharge
capacities are around 126, 115, 110 mAh-g™ for the
first cycle when the cell is cycled at 0.1C, 1C and 2C,
respectively. To further investigate the cycle perfor-
mance of single crystalline LiMn,0, nanorods, the cell
was cycled at 0.1C, 1C and 2C for 100 cycles (Fig.
6¢). As is shown in Fig.6¢, the discharge capacity of
LiMn,0, nanorods shows very well capacity retention
at various current rates. The discharge capacity is
above 105 mAh -g ™ at 0.1C, and keeps a 90%
capacity after 100 cycles, which is similar to 1C.
When the current rates increase to 2C with a 1C
charge rate, the discharge capacity drops to the 110
mAh g™ at the first cycle, but after 100 cycles there
is also 100 mAh -g™' left, showing a 91% capacity

retention, and a 99% coulomb efficiency over cycles.

The rate capability of single crystalline LiMn,0,
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(a) First charge-discharge curves at 0.1C (b) Discharge curves at different rates (c) Cyclic performance at 0.1C, 1C

and 2C for 100 cycles and corresponding coulomb efficiency (d) Discharge capacity with cycling number at

different current rates of single crystalline LiMn,O,

nanorods varying from 0.1C to 1C rate is shown in
Fig.6d. After ten cycles at 0.1C, the rate is increased
in stages to 1C. The discharge capacity of single
crystalline LiMn,O, fades from 125 mAh -g™ to 102
mAh g™ when the current rates increase from 0.1C to
1C, respectively. After high rate measurement, the cell
with the cathode of single crystalline LiMn,O, is still
able to supply the previously measured value at 0.1C,
an indication of the high reversibility of the system.
This also precisely shows a good stability of single
crystal structure. All the evidences above exhibit the
excellent electrochemical properties of the single
crystalline primary particles of LiMn,O,. The small
particle size of single crystalline LiMn,O, could
reduce the lithium ion diffusion path and the loss of
Li* in the insertion/extraction, thus has a good cycle
life. And these advantages could be attributed to the
one-dimensional electron transport and large specific
surface area of the single crystalline nanorods.

Therefore, the products obtained above confirm that

the method described here could be employed as a
rational route to synthesize high rate, high crystallinity
spinel LiMn,O, with single crystalline nanorod structure.
(CV) curves
of single crystalline LiMn,O, between potential limits
of 3.0 and 4.5 V (vs Li*/Li) at a scanning rate of 0.1
mV +s~'. The charge stage has two sharp peaks at
around 4.07 and 4.18 V, and the discharge stage also

Fig.7 shows the cyclic voltammetry

shows two sharp peaks at around 3.95 and 4.08 V vs
Li*/Li, which correspond with the two undistinguished
plateaus of Fig.6a. The two pairs of redox peaks in the
CV curves suggest that lithium ions extract from and
insert into spinel structure by a two-step process,
which is in good agreement with those typical well-
crystallized spinel LiMn,0,%%). In addition, Fig.7 also
shows that the absolute value ratio of the oxidation
peak current and the reduction peak is almost equal,
which indicates that the reaction is highly reversible.
In addition, the peak position and peak intensity only

change a little in the case of the LiMn,0O, cathode for
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the

structural stability of single crystalline primary particles.

occurrence in the surface of electrode and

3 Conclusions

In conclusion, we have demonstrated a very
simple and cost effective approach for fabrication of
highly ordered single crystalline LiMn,O4 nanorods. It
turns out that the mixtures of B-MnO, nanorods and
LiOH prepared by melt-impregnation method are more
uniform than those prepared by solid-state reaction
method"*". The results of XRD, SEM and FTIR confirm
that the obtained single crystalline LiMn,O4 has good
morphology and well ctystallinity. HRTEM and SAED
analysis reveal that LiMn,O, has a regular lattice
arrangement and specific characteristics of single
crystal, which is very important in improving the
properties of the The
crystalline LiMn,0, is able to deliver 115 mAh-g™ at
a high current rate of 1C (126 mAh-g™ at 0.1C) and
has a high reversibility and good capacity retention
100 cycles. that the

outstanding electrochemical performance of single

kinetic material. single

after

All of these prove
crystalline LiMn,O4 owes to such synthesis method.
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