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Abstract: LiCoMnO4 materials have been synthesized via a hydrothermal
approach followed by a post-annealing process. Pure phase of LiCoMnO4
is unable to form under hydrothermal conditions; however, high quality of
pure LiCoMnO4 was achieved after annealing the hydrothermal products.
The concentration of LiOH and the post-annealing temperature are the
crucial factors to form LiCoMnO4. Without post-annealing process, the
highest contents of LiCoMnO4 in the hydrothermal products are less than
50% (e.g., in the presence of 1.2-1.35 M LiOH); in contrast, in the cases of
1.35-1.4 M LiOH, almost pure phase of LiCoMnO4 has been achieved
successfully after annealing the hydrothermal precursors at 750°C. The asprepared sample in the presence of 1.35 M LiOH, after annealed at 750°C,
exhibits a capacity of 91.6 mAh g−1.
Keywords: Lithium Manganese Oxide, 5 V Spinel, Lithium-Ion Battery,
Cathode

Introduction
LiCoMnO4 possesses a spinel structure similar to
LiMn2O4 and a high potential of ca. 5.0 V versus lithium.
Compared to another 5 V spinel, LiNi0.5Mn1.5O4 which
has been investigated extensively (Li et al., 2007;
Santhanam and Rambabu, 2010; Yang et al., 2011;
Zhong et al., 2011; Cabana et al., 2012; Mao et al.,
2012; Liu et al., 2012), LiCoMnO4 is relatively new
material. LiNi0.5Mn1.5O4 is usually charged to cutoff
voltages of 4.9-5.0 V (Liu et al., 2012; Shin et al., 2012;
Yi and Hu, 2007; Huang et al., 2011) while LiCoMnO4
has to be charged to 5.3 V due to its two charging
plateaus at 5.2 and 4.9 V (Kawai et al., 1999; 1998;
Huang et al., 2012; Hu et al., 2013; 2014; Kuwata et al.,
2014). The main obstacle to practice LiCoMnO4 is the
requirement of electrolytes tolerant to high voltage above
5.0 V. Recent development of electrolytes such as
reducing the contents of impurities and exploring new
electrolytes (Markevich et al., 2006; Abouimrane et al.,
2009) and additives (Lee et al., 2007; Xu et al., 2012;

Abouimrane et al., 2013), offers a new chance for the
practical application of LiCoMnO4 as cathode materials
for lithium-ion batteries. LiCoMnO4 has been
synthesized usually by solid-state reactions. For
example, a LiCoMnO4 was obtained by heating the
stoichiometric mixtures of dried Li2CO3, CoO and
MnCO3 (Kawai et al., 1998). Our group recently has
prepared LiCoMnO4 via a sol-gel method (Huang et al.,
2012). However, the synthesis of LiCoMnO4 by a
hydrothermal method has not reported, to the best of our
knowledge. In this study, we obtained LiCoMnO4 via the
hydrothermal approach and investigated the effects of
post-annealing on the hydrothermal products.

Experimental
About 0.005 mol MnSO4·H2O (≥99%), 0.005 mol
CoSO4·7H2O (≥98.5%) and 0.0075 mol (NH4)2S2O8
were dissolved in 20 mL deionized water solution in a
100 mL Teflon container, where LiOH·H2O (≥98%)
dissolved in 30 mL deionized water was added
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dropwise. The Teflon container was then transferred to
a stainless steel autoclave, sealed and heated at 220°C
for 22 h. The resulting precipitate was separated from
the solvents by filtration and then washed with
deionized water. The sample was obtained after drying
at 120°C for 24 h. To obtain the optimized conditions
to synthesize LiCoMnO4, 0.9-1.5 M LiOH were
employed, where the concentration was calculated
based the 50 mL solution in total. The hydrothermal
products were heat-treated at 550-750°C.
The as-prepared samples were examined by
powder X-Ray Diffraction (XRD) analysis, performed
using a PANalytical X’Pert diffractometer with Cu Kα
radiation (Philips). The XRD results were analyzed
using an X’pert HighScore and X’pert Plus to obtain
the crystal parameters of the samples. Morphology
observation was studied by Scanning Electron
Microscopy (SEM) performed with a Zeiss LEO1530.
Electrode fabrication and coin cell assembly were
carried out as described in our previous report
(Huang et al., 2009). In brief, the active material was
mixed with 10 wt% acetylene black and 10 wt%
binder (PVDF) and then ground by ball milling. The
cathode was obtained by pressing the mixture onto a
piece of aluminum foil followed by drying in a
vacuum oven at 120°C for 2 h. The coin cells were
fabricated with the prepared cathode, lithium anode,
Celgard 2400 polypropylene separator and 1 M LPF6
in ethylene carbonate/dimethyl carbonate (1:1 v/v)
electrolyte. Cell testing was carried out at a constant
current density of 140 mA g−1 at 27°C using a Land
battery test system (Wuhan, China).

when the LiOH concentrations were employed in the
range of 1.2-1.35 M in our experimental conditions. It
is also notable that the peaks of the as-prepared
LiMn2O4 shifted significantly toward high 2θ angle,
which is due to the doping of cobalt ions in the
structure of LiMn2O4 (Huang et al., 2012).
However, due to the similar structure between
LiMn2O4 and LiCoMnO4, it is difficult to distinguish
them from the XRD patterns. Therefore, we examined
the
electrochemical
performances
of
these
hydrothermal samples. As shown in Fig. 2, when
LiOH concentration is 0.9 M, it only shows a plateau
at ca. 3.8 V. The plateau of LiCoMnO4 (above 4.2 V)
started to develop with the increase of LiOH
concentration. The capacity above 4.2 V realted to
LiCoMnO4 reached the highest value at the LiOH
concentration of 0.5 M. Beyond 0.5 M LiOH
employed, Li2MnO3 phase was developed; as shown
in Fig. 2 (above), when 1.8 M LiOH employed, the
obtained sample presents a typical charge/discharge
curves of Li2MnO3, exhibiting a discharge curve without
remarkable plateau (Huang et al., 2009; Yue et al.,
2008). This agrees well with the XRD result that the
sample obtained in the presence of 1.8 M LiOH is
composed of Li2MnO3 phase (Fig. 1f). This sample
delivered a capacity of 167.0 mAh g−1 at the current
density of 140 mAh g−1, which is, however, beyond
the interest of this study on 5 V spinel materials.
We obtained almost pure phase of LiNi0.5Mn1.5O4
by the hydrothermal method in our previous report
(Huang et al., 2011). In contrast, the hydrothermal
approach to obtain pure phase of LiCoMnO4 are still
unsuccessful at this stage, which is evidenced by the
fact that the discharge capacities of the samples
obtained in the presence of 1.2-1.3 M LiOH are 70-80
mAh g−1 with ca. 35 mAh g−1 located above 4.2V.
There are still some impurities such as LiMn2O4 and
Li2MnO3 in these hydrothermal products. We then
decided to employ post-annealing to improve the
phase content of LiCoMnO4.
As shown in Fig. 3, annealing hydrothermal
products at 550°C resulted in broad XRD peaks with
low intensities, while the peaks turned narrower and
stronger as the annealing temperature increases.
However, it seems no apparent difference between the
XRD patterns of the samples obtained from various
LiOH concentrations (1.1-1.4 M). Therefore, we
compared these patterns by analyzing the (110) peak
positions at ca. 19° and the Full-Width-at-HalfMaximum (FWHM) of these peaks as shown in Table
1. The FWHM values decreases with the annealing
temperatures and with the increase of LiOH
concentrations employed during the hydrothermal

Results and Discussion
Figure 1 shows the XRD patterns of hydrothermal
products in the presence of various LiOH
concentrations. At low LiOH concentration such as 0.91.1 M, the as-obtained samples consist of LiMn2O4,
Co3O4 and Mn3O4. The peaks located at between 29
and 34° should belong to Co-doped Hausmannite,
namely CoxMn3-xO4. The XRD peaks of Co3O4 are
significantly overlapped with those of LiMn2O4;
however, the intensity of the peak at ca. 36.5° is greater
than that at ca. 18.8° (Fig. 1a and 1b), which suggests
the existence of Co3O4. When LiOH concentration is
higher than 1.2 M, these peaks over 29-34°
disappeared, accompanied by decrease of the peak at
36.5° (Fig. 1c). These suggest that the contents of the
impurities of Co3O4 and CoxMn3-xO4 decreased. When
the concentration of LiOH increased to 1.8 M, the
intensity of the peak at ca. 44.5° turned higher than that
at ca. 36.5°, which suggests the formation of Li2MnO3.
As a result, spinel LiMn2O4 phase could be synthesized
397
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current density of 140 mA g−1 and decayed to 45.2
mAh g−1 after 5 cycles. There are two voltage plateaus
at ca. 4.5 and 3.7 V, corresponding to the
electrochemical pairs of Co(IV)/Co(III) and
Mn(IV)/Mn(III), respectively, accompanied with
insertion of Li+ into the tetragonal 8a sites in the
spinel structure. When the precursor was annealed at
650°C, the resulting product delivered 79.3 mAh g−1
until the voltage cutoff of 3.0 V and decayed to 67.9
mAh g−1 at the fifth cycle. If the voltage cutoff
decreased to 2.0 V, the higher capacity of 164.0 mAh
g−1 was achieved with a new developed voltage
plateau at ca. 2.5 V which is associated with Mn (IV)
changed to Mn (III) accompanied with Li+ entering
the octahedral 16c sites in the spinel structure. When
the annealing temperature increased to 750°C, the asobtained sample exhibits an initial capacity of 71.4
mAh g−1 and no obvious degeneration within 10
cycles as shown in Fig. 5c.

reaction. Actually, the particle sizes of samples
increased with the annealing temperatures as shown in
Fig. 4. The primary particle size of the as-synthesized
hydrothermal precursor (at 1.35 M LiOH) is ca. 30 nm
(Fig. 4a); after annealing at 550°C, some crystal
particles developed (Fig. 4b). When annealing at
750°C, the obtained sample shows well-defined
crystals in 80-150 nm size range (Fig. 4c). On the
other hand, at the same annealing temperatures, the
higher the LiOH concentration, the higher angle the
peak at the (110) plane moves towards as shown in
Table 1. The parameters a of such samples were also
calculated by assuming the pure phase of LiCoMnO4.
Generally, the higher LiOH concentration favors the
smaller a value. Figure 5 show charge/discharge
curves of annealed samples from the precursor
prepared in the presence of 1.1 M LiOH. As shown in
Fig. 5a, the samples after annealing at 550°C
delivered an initial capacity of 54.5 mAh g−1 at a

Fig. 1. XRD patterns of samples in the presence of (a) 0.1, (b) 0.3, (c) 0.4, (d) 0.5, (e) 0.55 and (f) 1.8 M LiOH at 220°C. The
JCPDS numbers for Mn3O4, Co3O4, LiMn2O4 and Li2MnO3 are 80-382, 80-1536, 89-8321 and 84-1634, respectively
398
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Fig. 2. Charge/discharge curves of hydrothermal products synthesized at various LiOH concentrations. The cutoff voltages were
limited between 5.3 and 3.0 V except the case of 1.8 M LiOH which was limited between 4.8-2.0 V

(a)

(b)

(c)

Fig. 3. Effect of post-annealing on the structures of hydrothermal precursors in the presence of (a) 1.1, (b) 1.2 and (c) 1.35 M
LiOH
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Fig. 4. SEM images of (a) the sample obtained in the presence of 1.35 M LiOH and its annealed samples at (b) 550, (c) 650
and (d) 750°C

Fig. 5. Charge/discharge curves of samples obtained annealing the precursors in the presence of 1.2 M LiOH at (a) 550, 650
and 750°C
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Fig. 6. Charge/discharge curves of samples obtained annealing the precursors in the presence of 1.1 M LiOH at (a) 550, 650
and 750°C
Table 1. XRD peak positions at the (110) plane of LiCoMnO4 and crystal parameters of the samples by annealing the precursors
obtained at various LiOH concentrations under the hydrothermal reaction
XRD Peak @ (110)
----------------------------------------------------LiOH conc., M
Annealing temp., °C
Position, °
FWHM, °
Parameter a, Å
1.1
550
18.93
0.460
8.081(4)
1.1
650
18.98
0.264
8.0727(5)
1.1
750
18.95
0.188
8.090(1)
1.2
550
18.98
0.376
8.065(2)
1.2
650
18.98
0.252
8.073(2)
1.2
750
18.94
0.178
8.0705(9)
1.27
550
19.01
0.408
8.062(1)
1.27
650
19.01
0.282
8.059(2)
1.27
750
18.93
0.151
8.108(1)
1.35
550
19.03
0.415
8.0490(6)
1.35
650
19.04
0.223
8.048(1)
1.35
750
19.02
0.145
8.0527(5)
1.4
550
18.98
0.368
8.064(2)
1.4
650
19.04
0.201
8.0487(2)
1.4
750
19.04
0.113
8.0574(2)

When the precursor was prepared in the presence of
1.2 M LiOH, its annealed samples depict higher
capacities at the 5 V-plateau zones (above 4.2 V), i.e.,
35.3, 48.6 and 48.5 mAh g−1 for 550, 650 and 750°C,
respectively (Fig. 6). On contrast, in the case of 1.35 M
LiOH, the samples after annealing at 550, 650 and
750°C delivered discharge capacities of 52.2, 75.3 and
91.6 mAh g−1, with 34.1, 61.8, 79.5 mAh g−1 located at
above 4.2 V, corresponding to 65.3, 82.1 and 86.8% of
their total capacities, respectively (Fig. 7). The
discharge capacity of the sample obtained at 750°C is

comparable to those reported in the literature on
LiCoMnO4 synthesized by a solid-state reaction
(Kawai et al., 1998) or sol-gel method (Huang et al.,
2012). Kawai et al. (1998) prepared a LiCoMnO4 by
the solid-state reaction, which delivered a discharge
capacity of ca. 95 mAh g−1. Huang et al. (2012)
employed the sol-gel method to prepared a
LiCo1.09Mn0.91O4 exhibiting a capacity of 87.1 mAh g−1.
When the employed LiOH concentration increased
to 1.4 M, the as-obtained samples behaved like the case
in the presence of 1.35 M LiOH (not shown here).
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Beyond this concentration, e.g., at 1.5 M LiOH,
rocksalt phase of Li2MnO3 was developed. As shown in
Fig. 8, a shoulder peak at ca. 18.7° that belongs to
Li2MnO3 appeared near the main peak at ca. 19.0°
ascribed to LiCoMnO4. The contents of Li2MnO3 in
samples annealed from the precursor in the presence of
1.5 M LiOH are 22.8-26.5%, calculated by integrating
the XRD peak area at 18.7° after separating it from the
main peak at 19.0° (Fig. 8). The existence of Li2MnO3
in these samples is also supported by their discharge
profiles as shown in Fig. 9. The voltage cutoffs were

extended to 2.0 V to exhibit the discharge profile of
Li2MnO3. The discharge capacity located at the
oblique-line zone of 3.5-2.5 V was ascribed to the
contribution of Li2MnO3 in the samples (Fig. 9). The
unmarked voltage plateau is a characteristic of
discharge process of Li2MnO3 materials (Robertson and
Bruce, 2002; Yue et al., 2008; Huang et al., 2009).
Note that extending the voltage cutoff to 2.0 V resulted
in higher capacity (157.5, 168.3 and 121.2 mAh g−1 for
samples annealed at 550, 650 and 750°C); however, the
capacities decayed more quickly.

Fig. 7. Charge/discharge curves of samples obtained annealing the precursors in the presence of 1.35 M LiOH at (a) 550, 650
and 750°C

402
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Fig. 8. XRD patterns of samples obtained in the presence of 1.5 M LiOH annealed at (a) 550, (b) 650 and (c) 750°C. The enlarged
patterns between 18 and 22° were shown at the bottom, where peak fitting was performed after striping Kα2

Fig. 9. Charge/discharge curves of samples obtained in the presence of 1.5 M LiOH annealed at (a) 550, (b) 650 and (c) 750°C
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Students of Fujian Province, China (no. Fjnu2011-022).

Finally we can conclude that the synthesis of
LiCoMnO4 is very sensitive to the concentration of
LiOH employed during hydrothermal reaction. We also
noticed that it is very sensitive to LiOH and NaOH
during hydrothermal preparations of LiNi0.5Mn1.5O4
(Huang et al., 2011) and γ-MnO2 (Lv et al., 2009),
respectively. Therefore, it is worthy of note that a desired
hydrothermal product may be obtained only in a narrow
range of alkaline concentration.
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Conclusion
LiCoMnO4 materials were synthesized via a
hydrothermal approach followed by a post-annealing
process. The concentration of LiOH significantly affects
the hydrothermal precursors and the final annealed
samples. At relatively low LiOH concentration (0.9-1.1
M), the as-prepared hydrothermal precursors consist of
LiMn2O4 as a major phase with Co3O4 and Mn3O4 as
impurity phases. 1.2-1.35 M LiOH is the suitable
condition for the formation of spinel phases while too
high concentration of LiOH such as 1.5 M results in the
development of Li2MnO3.
However, without post-annealing process, the highest
contents of LiCoMnO4 in the hydrothermal products are
still less than 50% (e.g., in the case of 1.2-1.35 M
LiOH); in contrast, after annealing the hydrothermal
precursors, the LiCoMnO4 contents in the as-obtained
samples improved significantly. The annealing
temperature also highly influences the structures and
electrochemical performance of the final samples. In
general, a higher annealing temperature results in a better
crystallinity of the final product. However, the effect of
the annealing temperature on the LiCoMnO4 content and
electrochemical performance is cooperative with the
LiOH concentration for its hydrothermal precursor. As a
result, the optimized conditions are 1.35-1.4 M LiOH for
hydrothermal precursors and 750°C for the postannealing temperature. For example, the as-prepared
sample in the presence of 1.35 M LiOH, after annealed
at 750°C, delivered a capacity of 91.6 mAh g−1 with 79.5
mAh g−1 located at above 4.2 V.
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