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Abstract

Nano-sized spinel LiMn,O4 powder with high crystallinity was prepared by a modified dynamic hydrothermal route. The
as-synthesized LiMn,0,4 powder exhibited high phase purity and better electrochemical properties than the material obtained via the
static hydrothermal synthetic route. The dynamic method is believed to promote the simultaneous nucleation and growth of the
LiMn,0, phase during the synthesis.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The selection of synthesis route is crucial to promote the
application of spinel LiMn,O4 in high power Li-ion
batteries. Spinel LiMn,O4 has attracted special interest
for high power Li-ion batteries because of its significant
advantages in terms of environmental acceptability, high
safety, low price and high potential [1-5]. Electrochemical
performance of LiMn,O,4 is closely correlated to the
material synthesis and thus the synthetic route and
associated parameters would strongly influence the final
properties of LiMn,0O4 Commercialized LiMn,O4 spinel
are prepared through the solid-state reaction of oxides and
carbonates at temperatures as high as 700-900 °C [6-8].
The final product generally contains various irregular
particles with a broad size distribution, as well as impurity
phases. Besides, it is difficult to control the crystalline
growth, compositional homogeneity and surface
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morphology. Soft chemical routes, such as Pechini, sol-gel,
emulsion, melt-impregnation and spray-drying have been
proposed [3-9], however so far all these methods suffer from
high temperature heat treatment leading to an excessive
coarsening of grain and particle sizes, the use of expensive
reagents, and remain based on complex synthetic processes
difficult to implement at large scales.

An alternative synthetic route rests upon the use of
hydrothermal methods [10-13]. However, conventional
static hydrothermal processes usually require longer reac-
tion times (up to several days) because of the lack of
frequent contact between the reactants remaining as pre-
cipitates at the bottom of hydrothermal reactor [12,13].
As a result, additional oxidants and reductants such as
H,0, and glucose have to be used together with the
manganese source in order to improve the overall reaction
kinetic [10,11]. This obviously leads to more complexity in
the synthetic process as an increase in the number of
reactants would lead to side reactions and thus the
formation of impurity phases.

In order to overcome the limitations of static hydrother-
mal synthetic methods, we have adapted dynamic hydro-
thermal methods. Through these dynamic routes, LiMn,04
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was found to be of high purity, and the time to complete the
synthesis reduced to 10 h. Furthermore, LiMn,O4 synthe-
sized via dynamic hydrothermal routes had high lithium
content and exhibited better electrochemical performance
than the material obtained via static hydrothermal route.

2. Experimental
2.1. Synthesis

LiMn,0O, nanoparticles were synthesized using three
types of hydrothermal methods, i.e.: 1) a normal static
autoclave (sample obtained is denoted as S-LiMO), 2) a
rotating Teflon-lined steel autoclave (R-LiMO), and 3)
autoclave with stirring paddle in the reaction pot (P-
LiMO), as schematically shown in Fig. 1. In the typical
synthetic process, 0.486 g of lithium hydroxide monohy-
drate was dissolved in 15 mL of double-distilled water.
0.208 g of electrolytic manganese dioxide (EMD) and
0.363 mL of Mn(NOs3), aqueous solution(50 wt%) were
added while stirring at room temperature. The resulting
mixtures were transferred into the respective autoclaves
and heated at 150 °C for 10 h. After the hydrothermal
treatment, the solid products were collected by vacuum
filtration, washed several times with distilled water and
then dried at 120 °C for 3 h.

2.2. Characterizations

The crystalline phases of the obtained materials were
identified by powder X-ray diffraction (XRD, PANalytical,
X’Pert Pro) with Cu Ka radiation (4=0.154056 nm) in the
20 range from 10° to 80° with a scan step of 0.03°. The
morphology and structure of the materials obtained was
determined by a scanning electronic microscopy (SEM,
Hitachi S-4700, operated at 15.0 KV). In order to confirm
the highly crystalline nature of the LiMn,O, particles
obtained by dynamic hydrothermal method, the P-LiMO
material was examined by Transmission Electron Micro-
scopy (TEM, FEI Tecnai G2-F30). The specific surface-area
of the samples was measured by a BET (Brunauer—Emmett—
Teller) surface-area analyzer (Micromeritics, ASAP2020).

The electrochemical performance of the as-prepared
LiMn,0, was evaluated by assembling a CR2032-type
coin cell in an argon filled glove box. A CR2032-type coin
cell consisted of the prepared LiMn,O,4 samples as cath-
ode, Li metal as the counter electrode and an electrolyte of
1 mol L™! LiPFg in a solvent mixture of ethylene carbo-
nate (EC), dimethyl carbonate (DMC) and ethylmethyl
carbonate (EMC) (1:1:1, v/v/v). The active material,
acetylene black and polyvinylidene fluoride (PVDF) were
grinded with a 1-methyl-2-pyrrolidinone (NMP) solution
with the following weight ratio of 80:12:8 to form a slurry.
This slurry was then casted onto an aluminum foil current
collector and dried at 120 °C for 3 h.

Galvanostatic charge—discharge tests were performed
over a voltage range of 3.3-4.3 V (vs. Li/Li™) with a Land
CT2001A battery test system at room temperature. Elec-
trochemical impedance spectroscopy (EIS) was recorded
with a Solartron Impedance/gain phase analyzer (model SI
1260) coupled to a potentiostat (SI 1287) over the
frequency range from 1072>Hz to 10° Hz on the open
circuit voltage at room temperature.

3. Results and discussion

XRD patterns of the as-prepared LiMn,0O4 obtained by
the three hydrothermal processes investigated are shown in
Fig. 2. All peaks of the materials prepared via dynamic
hydrothermal route show a pure single phase with a spinel
structure in good agreement with that of LiMn,0O,4 (JCPDS
No0.35-0782) [13]. No other phases were detected by XRD.
The sharp and intense peaks of P-LiIMO and R-LiMO
indicate highly crystalline. However, additional peaks
corresponding to Mn3;04 and Mn,O; were observed on
the XRD pattern of S-LiMO prepared by the static route.
This clearly indicates that under the same experimental
conditions, the dynamic route is more effective for produ-
cing pure LiMn,O4. The XRD patterns for the three
materials were also refined using Reflex module of Materi-
als studio in order to determine any evolution of the lattice
parameters. After refinement, lattice constants for P-LiMO,
R-LIMO and S-LiMO were found to be of 8.235+3 A,
8.232+6 A and 8.221 +1 A, respectively. A value somewhat

Fig. 1. Schematic illustration of three set-ups for hydrothermal synthesis: (a) static type; (b) rotating type and (c) using stirring paddle.
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close to that reported in the literature for the LiMn,Oy4
spinel, i.e. 8.248 A. Additional information on micro-struc-
ture was obtained by calculating the crystallite size of the
materials using Debye—Scherrer equation D= KA1/f cos 0,
and those were found to be of 391, 267, and 236 4+ 5 nm
for S-LiMO, R-LiMO, and P-LiMO, respectively (Table 1).

Morphologies of the material was further characterized
by SEM (Fig. 3). Mainly small particles in the range of
200-300 nm were observed for R-LiMO and P-LiMO.
However, for the static method larger particles with a size
varying between 400 and 600 nm were also imaged by
SEM. These larger particles are likely due to the agglom-
eration of reactants and/or products during the static
hydrothermal synthesis.

To confirm the crystalline nature of the particles
obtained by the dynamic method, TEM investigation was
carried out on P-LiMO showing the lowest crystallite size
(Fig. 4). TEM revealed that the P-LiMO particles have a
rounded morphology with mean size of about 200 nm in
agreement with SEM analysis (Fig. 3). Furthermore, the
interplanar distance was found to be of 2.9145 A, which
corresponds to the (220) plane of LiMn,0,4 phase (JCPDS
No0.35-0782). Therefore, TEM analysis confirmed the
highly crystalline nature of the P-LiMO particles prepared
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Fig. 2. XRD patterns for the as-synthesized and as-annealed samples:
(a) S-LiMO; (b) R-LiMO; and (c) P-LiMO.

Table 1

via dynamic hydrothermal route in agreement with XRD
results (Fig. 2).

Based on these results, the electrochemical properties of
the materials were thus examined. Fig. 5 shows the initial
EVS voltage profile and corresponding different capacity
responses for S-LiMO, P-LiMO and R-LiMO electrode,
respectively. From Fig. 5 it can be seen that that all three
samples depict four redox peaks associated to the insertion
and extraction of Li ions into the spinel structure. For
example, S-LiMO displayed two oxidation peaks at ca.
3.97 and 4.14 V associated with the extraction of Li ions
from the spinel structure and two reduction peaks at ca.
4.10 and 3.94 V that can be related to the insertion of Li
within the spinel structure. The electrochemical properties
of S-LiMO, R-LiMO and P-LiMO were further tested by

Fig. 3. SEM images for the as-synthesized samples: (a) S-LiMO;
(b) R-LiMO; and (c) P-LiMO.

Main characteristics of nanocrystalline LiMn,0O, powders synthesized by various hydrothermal routes.

Samples Condition of synthesis ~ CSD size Mean particle size ~ BET (m?/g)  Phase composition
(150 °C, 10 h) (XRD) (+5nm) (SEM) (nm)
S-LiMO Static 392 72 LiMl’l204, Ml’l203, Mn3O4
R-LiIMO  Rotating 267 83 LiMn,Oy,
P-LiMO Stirring 236 88 LiMn,Oy4
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Fig. 4. TEM images of P-LiMO sample at (a) low and (b) high magnification.
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Fig. 5. EVS differential capacity data for S-LiMO, R-LiMO and P-LiMO
electrodes.

galvanostatic charge—discharge cycling using CR2032-type
coin cells at a current density of 0.5 C and between the
cutoff voltages of 3.3 and 4.3 V. From Fig. 6(a), it can be
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Fig. 6. Initial charge-discharge curves for the as-synthesized samples:
(a) S-LiMO; (b) R-LiMO; and (c) P-LiMO. (b) Cycling properties of three
samples.

seen that all the charge-discharge curves exhibit two
potential plateaus at around 4.0 V, indicating a remarkable
characteristic of spinel LiMn,O,4 with a two-stage mechan-
ism for LiT extraction and insertion [14]. The first plateau
region of discharge curve would correspond to a two-phase
equilibrium between A-MnO, and Li,Mn,04 (0 < x <0.5),
while the second plateau would be related to a phase
equilibrium between Li,Mn,O, (0.5 < x < 1) and LiMn,Oy4
[9-12]. It is noteworthy that the discharge plateau of P-
LiMO is slightly higher than that of R-LiMO, and this
may be due to faster lithiation kinetics for P-LiMO sample
resulted from smaller particle sizes and higher spinel
crystallinity [12-15]. Furthermore, the initial discharge
capacity of S-LiMO was found to be of 97.9 mAh g~!
only. By contrast, the materials obtained via the two
dynamic hydrothermal processes displayed higher dis-
charge capacity of 127.3 and 128.1 mAh g~ ! for R-LiMO
and P-LiMO, respectively. Once again, such an improve-
ment in performances would be related to the smaller
particles/crystallite sizes resulting from the dynamic hydro-
thermal process. Furthermore, it is apparent that during
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the dynamic synthesis a thorough reaction between MnO,
and LiOH solution must be promoted and thus the effective
intercalation of Li into the MnO, precursor leading to the
formation of a Li-rich LiMn,Oy,.

In order to further evaluate the electrochemical perfor-
mance of the three as-prepared materials, cycling tests were
conducted. Fig. 6(b) illustrates that at a charge-discharge
rate of 0.5 C, P-LiMO displayed excellent cycling behavior
with a 95.3% capacity retention ability of 122.1 mAh g '
after 50 cycles. Similarly, R-LiMO displayed a capacity of
118 mAh g~' at the 50th cycle, ie. a 92.6% capacity
retention. In contrast, S-LiMO obtained by static hydro-
thermal method displayed a drastic fading in performances
with only 83.5% of the capacity remained after 50 cycles.
Such poor performances may results from a Li-deficient
spinel structure as well as the formation of the impurities.
That in turn would lead to a slow intercalation of Li
[12-15].

To gain further understanding on the materials proper-
ties obtained by the two dynamic hydrothermal processes,
Electrochemical Impedance Spectroscopy (EIS) measure-
ment were carried out for P-LiMO and R-LiMO. Fig. 7
shows the Nyquist plots of the three as-prepared materials.
The three materials displayed similar EIS patterns char-
acterized by a typical semicircle in high-frequency range
that would correspond to charge-transfer resistance and a
straight line in the low-frequency range, which was
attributed to the migration of Li-ions into the bulk of
active mass. The equivalent circuits are shown in the inset
on Fig. 7. By comparing the width of the semicircle from
the impedance spectra, P-LiMO exhibited the smallest Rct
which suggested that lithium-ion diffusion was easier in
this material. This could be attributed to the ultrafine

-1000
CPE
RS
-800 - R Zy
-600
E m S-LiMO
Q R-LIMO
R am v P-LiMO
N 400 - T e,
L] | |
[ | [ |
n n
I. -ﬂ.
2004 =
[ |
[ |
L}
|}
0 -

T T T T T T T T T T T T T T T

0 200 400 600 800 1000 1200 1400 1600
Z'/Ohm

Fig. 7. Nyquist plots of S-LiMO, R-LiMO and P-LiMO samples, and the
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Fig. 8. Cycling performance of R-LiMO and P-LiMO samples at various
rates.

particle size and the good structural crystallinity of
P-LiMO. Both would favor enhanced cycling performances.

The discharge capacity of P-LiMO and R-LiMO was also
tested at different current densities (Fig. 8). Under this
various current regimes, P-LiMO was found to perform the
best as it reached a discharge capacity of 123.1, 113.6, 104.5,
92.2 and 73.9 mAh g_1 at 1, 2, 5, 10 and 20C, respectively.
This result is a significant improvement as compared to those
reported in the literature for LiMnyO, prepared via high-
temperature solid-state reaction methods [15].

4. Conclusion

In summary, high purity LiMn,O4 with 200-300 nm in
particle size can be obtained wvia dynamic hydrothermal
synthesis within 10 h. The resulting material showed an initial
discharge capacity of 1283 mAhg~' and 95.3% capacity
retention at 0.5 C. Meanwhile it showed a satisfactory high
rate cycle performance and good high rate capability by
delivering a capacity of 123.1 mAh g~ 'at 1 C, 113.6 mAh g~
at 2C, 1045mAhg~" at 5C, 922mAhg~! at 10C and
739mAhg~! at 20 C. Therefore, dynamic hydrothermal
synthesis may be a promising method for the large scale
synthesis of LiMn,O,4 with high electrochemical performance
as cathode material.
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