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ABSTRACT: This paper reports the different reaction
conditions to synthesize the orthorhombic LiMnO2 (hereafter
referred as o-LiMnO2) and to find the economic usage of raw
material to obtain the pure o-LiMnO2 with ideal electro-
chemical performance via effective and energy-saving micro-
wave-hydrothermal (MH) routine. The product formation
mechanism in different process is discussed in detail. X-ray
diffraction patterns (XRD) indicate that the MH temperature
and time are more important than the LiOH concentration of the precursors to influence the phase purity of the products. The
pure phased o-LiMnO2 prepared under optimized MH condition exhibits the maximum discharge capacity of 228 mA h/g and
reversible capacity of 160 mA h/g after 50 cycles at 0.1 C rate. When the current density increased to 0.2 and 0.5 C, the
maximum discharge capacities of o-LiMnO2 maintain at 197 and 165 mA h/g, respectively. The o-LiMnO2 obtained in controlled
MH condition shows the enhanced electrochemical performance compared with those synthesized by other method, indicating
its potential application in the lithium-ion battery field.
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■ INTRODUCTION

Li-ion secondary batteries (LIB) are becoming the principal
choice for power sources of portable electronic devices such as
laptop computer, cellular phones, and so on.1−4 LiCoO2 is the
primary cathode material of battery in the commercial
applications because of its long cycle life and excellent
discharge capacity. However, its remaining drawbacks such as
high cost, environment toxicity, and safety problems have led to
enormous interest in developing alternative cathode materi-
als.4−8

Li−Mn−O compounds because of their low cost, numerous
occurrence, and environmental acceptable characteristics have
attracted great interests of many researchers. Among them
spinel-type LiMn2O4 with a three-dimensional framework
structure is considered as one of the prerequisites for electric
vehicle based application due to its high rate capability.9

Moreover, its poor cyclic performance is expected to improve
and Aravindan et al. has synthesized porous LiMn2O4 hollow
nanofibers retaining 87% of initial reversible capacity after 1250
cycles at the 1 C rate.10 However, the specific capacity of the
LiMn2O4 is 110−120 mA h/g, nearly one half of the capacity of
the LiMnO2, which has a high theoretical capacity of 285 mA
h/g and was with great advantages for lithium-ion battery
systems among the lithium manganese oxide.11,12

Current study on LiMnO2 is mainly concentrated on
orthorhombic phase because the monoclinic phase is
considered very difficult to obtain.13,14 In order to obtain o-
LiMnO2 with good capacity and cyclic behavior, different
methods were employed to prepare that type LiMnO2, such as
those of conventional solid-state,15−17 reverse microemulsion
preparation,18 and hydrothermal.19−23 Detailed investigation on

the electrochemical properties of o-LiMnO2 cathode material
showed that a conventional hydrothermal process is a good
choice for synthesizing the o-LiMnO2 particles with suitable
size and good electrochemical performances.19−25 For example,
Qun et al. reported that the reaction conditions, such as
reaction temperature and the concentration of the reactant,
should be strictly controlled within a small range to synthesize
the pure o-LiMnO2 products in the hydrothermal process with
good electrochemical performances.21 Changing the conven-
tional heating style to microwave irradiation in the hydro-
thermal process, it forms an improved route as microwave-
hydrothermal (MH), which was experimented on synthesizing
o-LiMnO2 with desired results in our preliminary work.26

Recently, Li et al. has been used MH method to synthesize
other manganese oxide as electrode candidate for super-
capacitor.27

On the basis of the presynthesizing work, further experi-
ments in this work have been done to investigate the influence
of the reaction conditions on the product phases and
electrochemical performance of the products. The sample o-
LiMnO2 with the best electrochemical properties has been
synthesized in optimized MH condition.

■ EXPERIMENTAL SECTION
The typical process for synthesizing the sample o-LiMnO2 is described
as follows. A 0.0075 mol portion of α-Mn2O3 (obtained by the
calcination of MnCO3 at 700 °C for 3 h in air) was added into 40 mL
distilled water, with a continuous stirring for 5 min. A 0.075 mol portin
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of LiOH·H2O was added into the suspension. The mixed solution was
stirred for 24 h before transferred into a 70 mL polytetrafluoroethene
(PTFE) vessel. MH treatment was performed in the Shanghai Sineo
microwave digestion system (MDS-6) under 160 °C for 45 min to
produce o-LiMnO2. When the vessel was cooled down, a dark brown
precipitate was collected and washed with distilled water for several
times and finally dried in a vacuum oven at 60 °C for 20 h. For
comparison, various sets of MH reaction parameters, the Li/Mn molar
ratio (CMn

2+ = 0.375 mol/L), microwave irradiation time, and
temperature, were attempted and listed in Table 1. The products are

named MH 160_5r1_45m (MH is the abbreviation of microwave-
hydrothermal, 160 means the MH temperature of 160 °C, 5r1 means
the precursors of Li:Mn = 5:1, 45m means MH time for 45 min). The
following abbreviations are identical.
The products were characterized by X-ray diffraction (XRD) in

reflection mode (Cu Kα radiation) on a Rigaku D/max-2200/PC
diffractometer in the 2θ range from 10 to 70°. The morphologies were
observed with the JEOL6700 field-emission scanning electron
microscope.
Electrochemical measurements were carried out with coin cell. The

working electrodes were prepared by mixing the obtained o-LiMnO2,
acetylene black, and polytetrafluoroethylene (PTFE) in the weight
ratio of 80:15:5. Cells were assembled in an argon filled glovebox using
Celgard 2300 membrane as a separator, a solution of 1 mol/L LiPF6 in
ethylene carbonate (EC)/ dimethyl carbonate (DMC) (1:1 ratio in
weight) as the electrolyte. The galvanostatic charge and discharge
cycling was studied in the voltage range of 2.0−4.4 V at different
current densities by LAND CT2001A battery testing system (Wuhan,
China).

■ RESULTS AND DISCUSSION
Phase Transition and Morphological Evolution during

the Formation of o-LiMnO2. Figure 1 shows the XRD
patterns of the reagent α-Mn2O3 and the obtained o-LiMnO2
sample MH160_5r1_45m with their indexing results. The XRD
patterns of α-Mn2O3 decomposed by MnCO3 at 700 °C for 3 h
in air is shown in Figure 1a, and all of the reflection peaks can

be indexed with cubic structure for α-Mn2O3 (JCPDS card 78-
0390). After the mixture of α-Mn2O3 and LiOH treated in the
microwave-hydrothermal system, a new XRD pattern of the
product quite different from that of α-Mn2O3 is shown in
Figure 1b. According to the JCPDS card 35-0749, the peaks of
the new phase labeled in Figure 1b can be indexed as
orthorhombic phase of LiMnO2 with a space group of Pmmn.
Compared with other methods assisting by traditional heating
style reported previously 28−35, MH routine showed a great
decrease in the required reaction time to produce the pure o-
LiMnO2.
The SEM and TEM images presented in Figure 2 exhibit

both the starting material α-Mn2O3 and the as-obtained pure o-
LiMnO2. Figure 2a shows that α-Mn2O3 micrometer powders
possess the irregular shape with smooth margin. The
morphology observed from TEM image (Figure 2c) shows
that the irregular nanospheres are secondary structure
combined with small particles. The SEM image of the as-
obtained o-LiMnO2 in Figure 2b exhibits powders that are
accumulated with the cube particles of apparent edges. The
cube particles can be seen in Figure 2d, and their sizes are 50−
100 nm, smaller than the raw material α-Mn2O3. High
magnification of the image (Figure 2d inset) indicates that
the lattice fringe of the product is 0.57 nm corresponding to
(010) plane of o-LiMnO2. The morphology changes imply that
the crystal growth included the dissolution of α-Mn2O3 to form
coordination polyhedron of [Mn(OH)6]

3− and then incorpo-
rated by Li+ to form o-LiMnO2.

33 α-Mn2O3 dissolves in LiOH
under high alkali environment to grow an intermediate before
obtaining the product, which also has been proved by He et al.
to synthesize LiMn1−xAlxO2.

33 LiOH supplies a basic corrosive
environment to accelerate the α-Mn2O3 spheres to dissolve and
to grow the new precipitation of o-LiMnO2 with cube
morphology. LiOH not only provided the Li ions for the
formation of o-LiMnO2 but also assumed the task of changing
the morphology and reducing the grain size by its basic
corrosive characteristics.21

Influence of Microwave-Hydrothermal Parameters on
the Phase Purity of the Product. o-LiMnO2 has been
successfully synthesized via the rapid microwave-hydrothermal
route in our previous work.26To prepare the product with pure
phase and optimal electrochemical performance, various
parameters were attempted in the present experiments. The
factors of ratio between LiOH and α-Mn2O3, MH temperature,
and MH time would most likely influence the purity of the
product. The theoretically ratio 2:1 between the raw materials
(LiOH: α-Mn2O3) was thought to be necessary for o-LiMnO2
formation and the using amount of LiOH should be relatively
economical. As for the factor of ratio between LiOH and α-
Mn2O3, the ratio was controlled between 2:1 and 10:1 in the
present work.
XRD patterns in Figure 3 show the effects of LiOH

concentration on the purity of obtained products, on which
(Figure 3c) the theoretical amount of 0.030 mol LiOH (Li/Mn
= 2:1) was not enough to react with the total α-Mn2O3 to
produce the aimed o-LiMnO2. The final products
MH160_2r1_45m contained mainly raw material α-Mn2O3
labeled with circle, as well as only a small amount of o-
LiMnO2 indicated by square. This problem could be solved by
increasing the amount of LiOH, which has been proved by the
XRD patterns of the products MH160_5r1_45m and
MH160_10r1_45m in Figure 3a and b. Pure phase o-
LiMnO2 products were obtained under the condition of

Table 1. List of Obtained Samples in Different Conditions

name of compound time (min) temperature (°C) Li/Mn

MH160_2r1_45m 45 160 2:1
MH160_5r1_45m 45 160 5:1
MH160_10r1_45m 45 160 10:1
MH160_5r1_30m 30 160 5:1
MH160_5r1_60m 60 160 5:1
MH120_5r1_45m 45 120 5:1
MH180_5r1_45m 45 180 5:1

Figure 1. XRD patterns of the (a) α-Mn2O3 precursor and the (b) o-
LiMnO2 product.
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LiOH:Mn2O3= 5:1 and 10:1, respectively. It indicates that the
ratio between LiOH and α-Mn2O3 had the effect on the phase
purity of the final product. The solution with enough alkaline
was benefit for the α-Mn2O3 to dissolve into [Mn(OH)6]

3−,
and high concentration of Li ions could increase its mobility
and reactivity with Mn source.35

In the experiment, MH temperature was also very important
in the formation of pure phase o-LiMnO2. The XRD results of
the samples obtained in different temperatures are shown in
Figure 4. It could be seen that the main phase of the product
MH120_5r1_45m was α-Mn2O3 besides a little o-LiMnO2 and
Li2MnO3 labeled with square and asterisk, respectively. When
the MH temperature increased to 160 °C, the α-Mn2O3 phase
disappeared and the crystalline phase o-LiMnO2 occurred in the
product MH160_5r1_45m as shown in Figure 4b. Never-
theless, in the MH process the slightly changing of the
temperature would influence the purity of the products due to
its special and rapid heating mechanism and other metastable

phases Li−Mn−O compounds existing. When the temperature
further increased to 180 °C, another Li−Mn−O compound,
called Li2MnO3 appeared as shown in Figure 4c. The above
results suggested that the suitable MH temperature was a key
factor for obtaining the pure phase o-LiMnO2.
MH treating time also has great effect on the purity of the

final products. Upon microwave irradiation up to 60 min, the
Li2MnO3 would come to appear, as shown in the product
MH160_5r1_60m (Figure 5a). XRD patterns of Figure 5b and
c show that the products MH160_5r1_30m and
MH160_5r1_45m are purity without apparent Li2MnO3,
which indicates that relatively short microwave irradiation
time is more suitable for synthesizing pure phase of o-LiMnO2.
The experiment results on the above three aspects show that
the MH treating parameters are still limited to be employed for
preparing pure phase o-LiMnO2 in similar to what being
controlled in traditional hydrothermal. On the basis of the
analysis of above XRD results, detailed products formation

Figure 2. SEM and TEM images of (a and c) α-Mn2O3 precursor and (b and d) the pure-phased o-LiMnO2 product.

Figure 3. XRD patterns of the obtained products of (a)
MH160_10 r1_45m , (b ) MH160_5 r1_45m , and ( c )
MH160_2r1_45m.

Figure 4. XRD patterns of the obtained products of (a)
MH120_5 r 1_4 5m , ( b ) MH160_5 r 1_4 5m , a nd ( c )
MH180_5r1_45m.
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mechanism in the different reaction time and temperature was
present as follows.
Figure 6 shows the schematic of the product formation

mechanism in different process including the product MH
160_8r1_30m referred in our last paper.26 It could be shown
that Li2MnO3 occurred accompanying with the aimed product
o-LiMnO2 at the low temperature 120 °C, which was
accordance with the theory that has reported by Jang et al.29

It proved that when the oxygen was at a certain quantity in the
autoclave, the oxidation reaction was accelerated at the low
temperature as follows: 4LiOH + Mn2O3 +

1/2O2 = 2Li2MnO3
+ 2H2O.

36 Lower temperature was benefit for the direct
oxidation of α-Mn2O3 to Li2MnO3 at 120 °C in this work.
Compared with the product MH 160_5r1_45m, minor
Li2MnO3 appeared in the MH 160_5r1_60m and MH
180_5r1_45m, which is attributed to the more heating time
and higher temperature in the synthesizing process, respec-
tively. In relatively high temperature, Mn ion preferred to be in
the reduction state.36 Li ion first reacts with Mn source to form
o-LiMnO2 such as in the process of synthesizing product MH
160_5r1_45m, the idealized structure of which was with layer
structure comprised by Li+ layer and MnO6 octahedra layer.

37

More time and high temperature accelerate the monovalent
lithium to migrate to the MnO6 octahedra layer to form the
Li2MnO3 (Li[Li1/3Mn2/3]O2), in which tetravalent manganese
and monovalent lithium comprise the MnO6 octahedra layer.

37

According to the above comparative analysis of the results of
the different processes, the key factors to synthesize the pure
product are the reaction time and temperature, but not the ratio
between Li and Mn. It could be seen that the Li/Mn (5:1, 8:1,
10:1) is all suitable for obtaining in the condition of suitable
temperature and reaction time. This mechanism would be a

guide for preparing pure-phased o-LiMnO2 for further
investigation or application.

Electrochemical Performance. On the basis of successful
obtaining the different products prepared in the different
microwave hydrothermal conditions, further investigation on
electrochemical performance of the whole obtained products
was made to find out the optimized MH parameters.
Figure 7a shows the charge/discharge curves of the cycles

with the maximum discharge capacity for the samples of MH
160_2r1_45m, MH 160_5r1_45m, and MH 160_10r1_45m,
respectively, and Figure 7b shows their cyclic performances. It
can be seen that the product MH160_2r1_45m achieved the
maximum discharge capacity of 79 mA h/g and much lower
than those of the other two products MH 160_5r1_45m and
MH 160_10r1_45m. It was caused by the existence of large
proportion of raw material α-Mn2O3 in the final product
MH160_2r1_45m as proved by XRD pattern of Figure 3c. In
regard to the pure o-LiMnO2 products of MH 160_5r1_45m
and MH 160_10r1_45m obtained in the relatively high alkaline
environment, both of the products are with the same maximum
capacity 228 mA h/g. However, there are still some distinctions
such as the capacity of the discharge plateau (in Figure 7a), the
cyclic performance, and the discharge capacity for the first cycle
(as seen in Figure 7b).
Previous research suggested that the distinct discharge

voltage plateaus around 4 and 3 V were the indicative of Li
intercalation on different sites, tetrahedral site over 4 V, and
octahedral site over 3 V in the cycling-induced spinel
LiMn2O4.

38 As shown in Figure 7a, the capacity near the 4 V
discharge profile plateau in MH160_5r1_45m is bigger than
that of the product MH160_10r1_45m, while that of the 3 V
plateau is small in the product MH160_5r1_45m. Therefore,
the Li intercalation in that product on the tetrahedral site over
4 V was more and on the octahedral site over 3 V in the
cycling-induced spinel LiMn2O4 was less compared with that in
the product MH160_10r1_45m.
Figure 8a and b show the discharge curves and the

differential discharge capacity plots for typical cycles inserted
for MH160_5r1_45m and MH160_10r1_45m, respectively.
The product MH160_5r1_45m reaches the maximum
discharge capacity 228 mA h/g at the seventh cycle, in which
cycle the capacity of 3 V plateau as the Li intercalation on the
octahedral site became the biggest among all discharge cycles
(as shown in Figure 8a). The 4 V plateau is divided into two
subplateaus because of the reordering of Li in the structure, and
the peak splitting of differential discharge plots around the 4 V
plateau of the 1st, 7th, and 20th became more and more large
as exhibited in Figure 8a (inset). It would be beneficial to
increase the discharge capacity of the o-LiMnO2 and
compensate the capacity fading gradually around 3 V plateau

Figure 5. XRD patterns of the obtained products of (a)
MH160_5 r 1_6 0m , ( b ) MH160_5 r 1_4 5m , a n d ( c )
MH160_5r1_30m.

Figure 6. Schematic of the product formation mechanism in different process.
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to maintain the high discharge capacity. The product
MH160_5r1_45m was with good cyclic performance and
remained discharge capacity of 214 mA h/g after 20 cycles.
Compared with MH160_5r1_45m, the product

MH160_10r1_45m was with less Li intercalation on the
tetrahedral site and the reordering of Li in the structure on
cycling did not happen apparently because of no splitting of the
peaks around the 4 V (as shown in Figure 8b inserted). This
made the capacity from the 4 V plateau without enough
increasing to defense the capacity fading at the 3 V plateau.
Therefore, the discharge capacity of this product faded fast and
only 164 mA h/g discharge capacity was kept for only 20 cycles.
The product MH160_10r1_45m reaches to the highest
discharge capacity in third cycle. It might be due to the fact

that the phase transformation of o-LiMnO2 from orthorhombic
to cycling-induced spinel with the Li intercalation on the
octahedral site developed much faster and more complete in
the initial charge/discharge stage.
The electrochemical tests were also made for the samples

obtained in different temperature, and their charge/discharge
curves of the cycles with the maximum discharge capacity and
cyclic performances are shown in Figure 9a and b, respectively.
The maximum discharge capacity of MH 120_5r1_45m only
143 mA h/g (as shown in Figure 9b) is the smallest among the
three samples, due to the impurity Mn2O3 present in the
sample. The maximum discharge capacities of MH
160_5r1_45m and MH 180_5r1_45m were 228 and 221
mAh/g, respectively. Figure 9b also shows that MH

Figure 7. (a) Charge/discharge profiles of the cycle with the maximum discharge capacity and (b) cyclic performance of the samples obtained with
different ratio between LiOH and α-Mn2O3.

Figure 8. Discharge plots and the differential discharge capacity plots on cycling for typical cycles (in inset) for (a)MH 160_5r1_45m and (b) MH
160_10r1_45m.

Figure 9. (a) Charge/discharge profiles of the cycle with the maximum discharge capacity and (b) cyclic performance of the samples obtained with
different reaction temperature.
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180_5r1_45m reaches the maximum discharge capacity faster
than that of the MH 160_5r1_45m. But the capacity-fading
tendency of the MH 180_5r1_45m is much higher than MH
160_5r1_45m, which may be caused by the formation of
Li2MnO3 in the MH process. It has been reported that
Li2MnO3 obtained in hydrothermal condition was with high
initial discharge capacity but fading fast.39

The MH time also plays an important role in the
electrochemical performance of the obtained products and
their typical electrochemical performances are shown in Figure
10a and b. The product MH 160_5r1_30m and MH
160_5r1_45m attained the maximum capacity nearly at the
same cycle, which could further prove that both of the two
products were pure-phased o-LiMnO2. The discharge capacity
of MH 160_5r1_45m and cyclic performance are better than
those of MH 160_5r1_30m because of the different crystal
quality of the two products obtained at different MH time. As
for the product MH 160_5r1_60m with a little impurity
Li2MnO3, it exhibited the similar initial capacities with MH
180_5r1_45m. It had high first discharge capacity 211 mAh/g
and reached its maximum discharge capacity at the third cycle
as shown in Figure 10a and b, the same cycle with that of MH
180_5r1_45m. In addition, its capacity decreased dramatically
because of the existence of Li2MnO3 and made 88 mA h/g
capacity loss during 20 cycles (as shown in Figure 10b).
The above results and discussion of the electrochemical

performances for the whole products obtained in different MH
conditions suggested that the product MH160_5r1_45m
exhibited the best capacity and cyclic performance. Figure 11
shows the cyclic performances of MH160_5r1_45m at different

current rate (0.1, 0.2, and 0.5 C). The product MH
160_5r1_45m cycled at 0.1 C has the maximum discharge
capacity of 228 mA h/g and remained 208 and 160 mA h/g at
the 30th and 50th, respectively. From Figure 11, it also could be
seen that the maximum discharge capacity of this product
remained at 197 and 165 mA h/g at 0.2 and 0.5 C, respectively.
When the current rate was 0.2 C, the discharge capacity faded
slowly before the 30th cycle (162 mA h/g). Concerning the
current rate at 0.5 C, the capacity of the product was relative
low, with the maximum discharge capacity of 164 mA h/g and
remaining 114 mA h/g until the 50th cycle.
Comparing with the data obtained for LiMnO2 synthesized

with different methods (as shown in Table 2), it could be seen
that microwave hydrothermal is an ideal route to synthesize o-
LiMnO2 with good electrochemical performance. Using this
method, the pure o-LiMnO2 can be obtained in a very short
time and low temperature, and the discharge capacity of the
product is higher than those reported nowadays expect the
Li0.99Mn0.988In0.012O1.991S0.009 doped with In and S.30 Besides,
the product obtained in this work has a satisfactory discharge
capacity in relative high current density 0.2 and 0.5 C, and few
papers reported the electrochemical performance data under
different current rates.34,35 Through adjusting the reaction
conditions, the capacity and cyclic performance of the product
MH 160_5r1_45m was also improved comparing with the last
reported product obtained at 160 °C for 45 min with the Li:Mn
= 8:1. Moreover, it is not hard to find that the consumption of
LiOH was nearly 40% lower than the reported data 26, and it
can still obtain the pure o-LiMnO2 with even more improved
electrochemical performance. With the widespread use of
lithium ion batteries, the lithium resource is increasingly scarce,
and He et al. published a paper specializing in how to lower the
mole ratio of Li/Mn,35 so it is of great significance to increase
the use ratio of Li using this microwave-hydrothermal method.

■ CONCLUSIONS
The microwave-hydrothermal conditions were detailed dis-
cussed to prepare the o-LiMnO2 and suitable conditions for
obtaining the pure products were completely understood. The
purity of the o-LiMnO2 was sensitive to the reaction
temperature and time. The ratio between LiOH and α-
Mn2O3 could be decreased from 10:1 to 5:1. The sample MH
160_5r1_45m synthesized in optimized MH condition has the
high capacity and good cyclical performance, with maximum
discharge capacity of 228 mA h/g, remaining the capacity of
208 mA h/g after 30 cycles at 0.1 C. When the current density
increased to 0.2 and 0.5 C, the maximum discharge capacity still

Figure 10. (a) Charge/discharge profiles of the cycle with the maximum discharge capacity and (b) cyclic performance of the samples obtained with
different reaction time.

Figure 11. Cyclic performance of MH 160_5r1_45m at 0.1, 0.2, and
0.5 C.
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maintained at 197 and 165 mA h/g, respectively. The discharge
capacity at 0.2 C faded slowly and remained 162 mA h/g at the
30th cycle. Such results in different current rate confirmed the
positive role of microwave hydrothermal on synthesizing the o-
LiMnO2 with good electrochemical performance, but we still
should develop other additional ways such as doping other
metals, coating C in this system for further improving its cyclic
ability especially after dozens of cycle.
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