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Abstract

Low crystalline orthorhombic LiMnO; (0-LiMnO,) samples were synthesized by reacting either )-MnOOH or Mn,O; with
LiOH - H,O in the solid phase under steam atmosphere at 120°C. In the closed system, the vapor arising from LiOH - H,O may
strengthen the reactivity of LiOH at the surface of MnOOH or Mn,0; particles, which may enable slow diffusion of Li" ions
forming LiMnO,. These samples were compared with crystalline 0o-LiMnO, prepared by a solid-state reaction method at 700°C in
nitrogen gas. The powder X-ray diffraction patterns of low crystalline samples after heating at 400°C in air revealed the formation of
a single phase of cubic Li; §Mn; 6Oy, but the crystalline sample revealed a mixed phase of 0-LiMnO, and LiMn,QO, after heating at
400°C in air. The Li* /H" exchange in the Li; Mn; 404 sample progressed topotactically, while maintaining the crystal structure
and morphology of the precursor. But heat-treated crystalline 0-LiMnO, showed a disproportionation reaction with dissolution of

Mn?* ions.
© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

The interesting structural and physical properties of
various manganese oxide compounds have prompted a
variety of applications such as adsorbents, primary
precursors for pillared materials, catalysts and recharge-
able batteries [1-9]. There have been numerous studies
made since Gummow et al. [10] proposed the Li-Mn—O
ternary phase diagram including for example, the effect
of the starting materials, synthesis temperature, Li/Mn
ratio, manganese oxidation state, electrochemical prop-
erties, phase transition, local structure, etc. [11-13].
Recently, Paulsen and Dahn [14] also studied the phase
diagram of Li-Mn-O spinel only in air at different
temperatures. Besides the solid-state reaction method at
high temperature, low-temperature methods such as
hydrothermal reaction, sol-gel process, intercalation,
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ion exchange, etc. are also used for synthesizing various
manganese oxide compounds. Among these, hydrother-
mal synthesis at low temperature is a powerful method
for synthesizing novel compounds.

Although LiMn;0Oy is the most widely studied in the
Li-Mn-O phase diagram [10], increasing attention is
also being paid to LiMnO, samples with different
crystallographic forms. LiMnQO; exists in three forms:
orthorhombic (0-LiMnO,, space group Pmnm), mono-
clinic (m-LiMnO,, space group C2/m) and lithiated
spinel with tetragonal structure (z-Li;Mn,QOy4, space
group I4;/amd). The 0-LiMnO, samples in the litera-
ture have been prepared by hydrothermal [15,16], reflux
[17], microwave irradiation [18], and solid-state reaction
[19] methods with different crystallite sizes and different
morphologies depending on the starting manganese
precursors. Also, 0-LiMnO, samples with varying
degrees of crystallographic disorder have been prepared
[20-22]. The m-LiMnO, was obtained either by an ion
exchange reaction from a-type NaMnO, synthesized in
air [23-25] or by direct hydrothermal treatment of
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Mn,0;5 with a mixed solution of KOH and LiOH at
220°C [26]. The ¢t-Li;Mn,04 was prepared by refluxing
the solid LiMn,O4 with an excess of Lil dissolved in
acetonitrile [27]. These LiMnO, samples have all been
studied in detail for their electrochemical properties.

We previously studied the lithium extraction/insertion
reaction in L; ¢Mn; 04 obtained from thermal decom-
position of low crystalline o0-LiMnO,, which was
synthesized by the hydrothermal reaction method in
aqueous phase [16]. Furthermore, we also synthesized o-
LiMnO, by microwave-assisted hydrothermal method
in the same phase [18]. These synthetic methods required
a large excess of LiOH - H,O (Li/Mn > 7 in mole ratio).
A pH-titration study showed that the proton-type
sample has a lithium ion-sieve property and a high
lithium uptake from seawater [17].

In the present study, we tried to obtain 0-LiMnO,
under a steam atmosphere at 120°C by directly reacting
Mn-sources with LiOH-H,O (Li/Mn =1) in solid
phase. The 0-LiMnO, was also synthesized by a solid-
state reaction at 700°C in nitrogen for a comparative
study.

2. Experimental
2.1. Synthesis of o-LiMnO, samples

Low crystalline 0-LiMnO, was prepared by mixing
either 10.0 g of y-MnOOH (Toyo Soda Co., Japan) or
9.0 g Mn, O3 (obtained by calcination of chemical grade
MnCOj; at 800°C for 4 h in air) with 5.0 g of LiOH -
H,O0 (Li/Mn = 1: 1.05 in atomic ratio) in Teflon-lined
stainless-steel vessels (50 cm?) and autoclaved at 120°C
for 1 day. After cooling to room temperature, the solid
was dried at 60°C overnight. The obtained product
(0-LiMnO;,) was then heated at 400°C for 4 h in air to
obtain Li; ¢Mn; ¢O4. The acid treatment of Li; ¢Mn; Oy
was carried out batch-wise by stirring 1 g of the
solid with 1 dm® of 0.5 mol dm~ HCI solution for 2
days. The acid-treated samples were filtered and
washed with deionized water and air-dried. The samples
were designated as LiMnO,-1, Lij¢Mn;¢O4-1 and
H;sMn;¢O4-1 (all derived from p-MnOOH), and
LiMIl02-2, Li1,6Mn1A6O4-2 and H1_6Mn1,604-2 (all de-
rived from Mn;03).

Crystalline 0-LiMnO, was synthesized as follows: a
known amount of Mn(CH;COOQ), - 4H,0 was dissolved
in methanol and the solution was evaporated to dryness.
The dried powder was heated at 450°C for 4 h in air to
obtain Mn,03. Mn,O3 powder was mixed with a slight
excess of LiOH-H,0 (added Li/Mn = 1.5 in atomic
ratio), ground, calcined at 450°C for 2 h in nitrogen, and
then the temperature was increased to 700°C and
maintained for a further 3 h in nitrogen. After cooling
to room temperature in the nitrogen atmosphere, the

solid was washed with distilled water to remove excess
lithium and dried at 60°C overnight. The sample was
designated as LiMnO;-3. One part of this sample was
then heated at 400°C and another sample at 600°C for
4 h in air and the heated samples were designated as
LiMnO,-3-400 and LiMnO,-3-600, respectively.

2.2. Characterization

The X-ray diffraction (XRD) patterns were taken on
a Rigaku-type RINT 1200 X-ray diffractometer with a
graphite monochromator with CuKa radiation (1=
1.5406). DTA-TG curves of materials were obtained on
a MAC science thermal analyzer (System 001, 200 TG-
DTA) at a heating rate of 10°C/min in air. Fourier
transform infrared (FT-IR) spectra were recorded on a
Perkin-Elmer System 2000 infrared spectrophotometer,
using a KBr technique; 300 hundred scans were
averaged with a nominal resolution of 4 cm~!. The
SEM photographs of various materials were taken on a
Hitachi-type S-2460 N scanning electron microscope.

Chemical analysis of lithium and manganese was
carried out by using atomic absorption spectroscopy.
The mean oxidation state of manganese (Zy,) was
determined by reducing the solid to Mn?* ions with
sodium oxalate solution in sulfuric acid solution and
back titrating the excess sodium oxalate solution with
standard potassium permanganate solution as described
in the literature [28].

2.3. Uptake of lithium from LiCl-enriched seawater

The uptake of Li* from lithium-enriched seawater
was determined by stirring 100 mg of acid-treated solids
in 1dm® of seawater (Li™ concentration: 5 mg dm™?)
for 1 week at room temperature. After attainment of
equilibrium, the Li" ion content in the supernatant
solution was determined.

3. Results and discussion
3.1. Characterization of low crystalline o-LiMnO;

We carried out a direct solid-phase reaction between
Mn-precursor and LiOH-H,O at 120°C in a closed
system. The lithium insertion reaction in p-MnOOH was
monitored by analyzing the Li/Mn ratio in the product
at different intervals (Fig. 1). The reaction proceeded
only after 4 h and it was complete at 24 h. All the other
autoclave reactions were therefore carried out for 24 h.
In the y-MnOOH-LiOH - H,O system at 120°C and
under 2 bars of pressure, the vapor arising from LiOH -
H,O may strengthen the reactivity of LiOH at the
surface of MnOOH particles, which may enable the slow
diffusion of Lit ions into MnOOH particles. The
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Li* /H" exchange reaction may progress slowly to form
LiMnO;. In the Mn,0O3;-LiOH-H;0 system also,
Mn, 03 particles change to LiMnO,. The reaction was
assumed to be a lithiation process since there are no
lattice protons in Mn,0Os. The analyzed Li/Mn molar
ratios and Zy, values for the samples are given in
Table 1. Although the Li/Mn starting ratio of 1 was
effectively retained in the samples, the mean oxidation
state of manganese was found to be slightly high. The
calculated compositions closely approached the theore-
tical formula LiMnO,.

An attempt to prepare LiMnO, samples by reacting
7-MnOOH or Mn,03 with LiOH - H,O under an open
atmosphere at 120°C was unsuccessful; the reaction did

1.0 O

0.8

0.6

0.4

Li/Mn ratio / mole

0.2

0 6 12 18 24 30
Time /h
Fig. 1. Li/Mn ratio in 0-LiMnO, at different intervals. }-MnOOH =

100 g, LiOH-H,O=50g, autoclave vessel = 50 cm’, Temp. =
120°C.

Table 1
Chemical compositions and lattice parameters of different materials

not progress at all. This indicates that the water vapor
plays an important role in the formation of 0-LiMnO,.

The XRD patterns of LiMnO;-1 and LiMnO,-2
exhibited broad and ill-defined peaks as compared to
the starting Mn-sources (Fig.2). All the diffraction
peaks could be indexed according to the space group
Pmnm of the orthorhombic structure. The lattice
parameters of the present samples were nearly the same
as the sample reported in the literature (Table 1). The
presence of peak broadening in both samples suggested
the existence of structural disorders between Li and Mn
sites. According to Croguennec et al. [21] the full-width
at half-maximum (FWHM) of the (011) peak in the
XRD patterns could be correlated with the density of
the monoclinic stacking faults occurring in o-LiMnO,.
This approach was further applied to different o-
LiMnO, samples by other researchers [29,30]. The
FWHM of (011) peak at 20 = 24.8° of 0.85° in the
present samples (Fig. 2) corresponded to 4% stacking
faults according to their analysis [21], suggesting that the
present samples have a disordered orthorhombic struc-
ture. We applied a similar approach in a previous study
[18]. The FT-IR spectrum of LiMnO,-1 and LiMnO,-2
are shown in Fig. 3; these two samples showed absorp-
tion bands at 3450 cm~!, which could be assigned to the
stretching vibration due to adsorbed water from atmo-
sphere. y-MnOOH showed absorption band at
2677 cm™!, probably due to O-H stretching vibration;
this band disappeared after the reaction with LiOH -
H,O. This suggests that the low-temperature 0-LiMnO,
does not contain H in the bulk sample and the reaction
between y-MnOOH and LiOH progresses by ion-
exchange-type reaction. Most of the bands in the lower

Sample Li/Mn H,O/Mn ZMn Chemical composition Present work Literature cited
LiMnO»-1 1.00 — 3.16 LiMnO» o a=281A a=280(5 A
b=575A b=15757) A
c=457A c=45712) A
(Orthorhombic, Pmnm) (Ref. [19])
LiMnO,-2 1.01 — 3.22 LiMnO, a=281A ”
h=575A
c=456 A
LiMnO,-3 1.01 — 3.0 LiMnO, a=281A
h=575A
c=457A
Li; ¢Mn ¢O4-1 1.01 — 3.95 Li; 64Mn ¢ O4 a=8.14A a=8.14A
(Cubic, Fd3m) (Ref. [16])
Lil_()Mnl_(,O4-2 1.00 — 3.95 Li1_63M1’11>6104 a=28.13 A ”
LiMnO,-3-400 1.01 — Not LiMnO; phase + traces — —
determined LiMn,0q4
H,¢Mn,; ¢Oy4-1 0.07 0.51 3.99 Hy 6 Lig.11 Mny 5704 a=805A a=805A
(Cubsic, Fd3m) (Ref. [16])
Hl_(,Mnl,(,O4—2 0.03 0.52 3.98 H1.65Li0,05Mn1‘5304 a=8.05 A ”
LiMnO,-3-400(H) 0.21 0.24 Not — — —

determined
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Fig. 2. XRD patterns of Mn precursors, 0-LiMnO, and H; §Mn; ¢O4 samples.

wave number region (below 800 cm~!) were attributed
to the vibrations of MnQOyg octahedra. Fig. 4 shows the
SEM photographs of LiMnO,-1 and LiMnO;-2 with
needle-shaped and spherical morphologies identical to
their Mn precursors. The SEM results indicated that the
morphology was unaffected by ion exchange or lithia-
tion process.

3.2. Characterization of crystalline o-LiMnO;

The XRD patterns of samples prepared by solid-state
reaction at high temperature are shown in Fig. 5.
LiMnO;-3 was obtained as a crystalline material and
all the peaks of the XRD pattern could be indexed to
orthorhombic structure with nearly the same lattice
parameters as the low crystalline samples (Table 1). The
FWHM of (011) peak in Fig. 5 at 20 = 24.8° was
<0.15°, which suggested that the sample has a well-
ordered orthorhombic structure with fewer stacking
faults (1%), according to the analysis [21]. The o-
LiMnO, samples with stacking faults less than 1% have
also been prepared by other researchers, who concluded
that the samples had a well-ordered orthorhombic
structure [29,30]. The analyzed Li/Mn molar ratio was
1 with a Zyy, value of 3 (Table 1). The FT-IR of
LiMnO,-3 showed bands at 598 and 484 cm~!, which

could be assigned to Mn-O stretching vibrations
(Fig. 3). The SEM images of the LiMnO;-3 showed
octahedron particles 2-3 pm in size, the morphology
being different from the starting Mn-source (Fig. 4).
From SEM observations, it was clear that the surface of
the sample was smooth and homogeneous and crystal
size was also larger as compared to LiMnO,-1 and
LiMnOz-Z.

3.3. Heat-treated samples

LiMnO,-1 and LiMnO,-2 were known to have
stacking faults and thus possessed structural defects.
The heat treatment of these samples at 400°C in air
brought about the formation of Li; Mn; ¢O4 due to the
oxidation of manganese from trivalent to tetravalent.
Due to the structural defects of LiMnO,, the particles
were likely to have been sufficiently in contact with
oxygen during the heat treatment in air. The thermal
decomposition behaviors of these samples are shown in
Fig. 6. The DTA-TG curve of LiMnO;-1 showed an
exothermic peak at 356°C with weight gain, and the
weight loss and gain could be observed around 400°C
and 500°C, respectively. The thermal decomposition
temperature of LiMnO,-2 was 335°C with weight gain
after which there was a sudden weight decrease with rise
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Fig. 3. FT-IR spectra of LiMnO, and its heat- and acid-treated
samples.

in temperature till 420°C. The decomposition tempera-
tures of o-LiMnO, samples prepared by the hydro-
thermal method [16] and microwave irradiation method
[18] in aqueous phase were 380°C and 320°C, respec-
tively. The difference in thermal decomposition of o-
LiMnO, samples prepared by different methods might
be due to differences in crystallinity. It was found that
the peak intensities of the XRD patterns of the sample
obtained by the hydrothermal method in aqueous phase
were slightly higher than those of samples obtained by
other methods. The sample with higher crystallinity
would have a higher decomposition temperature. When
the LiMnO,; samples were heated at 400°C for 4 h in air,
the weight gain was about 6%, which corresponded
to the conversion from LiMnO,;; to LiMnOjs
(Li; 6Mn;604). The analyzed Li/Mn molar ratios
were almost 1 with manganese mean oxidation of 3.96
(Table 1).

The XRD patterns of heat-treated samples are shown
in Fig. 2 and all the peaks could be indexed according to

the space group Fd3m of cubic structure with lattice
parameter a = 8.14 A (Table 1). Pure spinel-type lithium
manganese oxides with Li/Mn molar ratios from 0.5 to
0.8 were synthesized by directly heating a mixture of
MnCOj; and Li,COj at 400°C in air, and a mixture of
spinel-type and monoclinic-type LiMnO; was formed
with Li/Mn>1 at 400°C in air [31]. In the present
study, we also tried to prepare Li; ¢Mn; cO4 by heating
a mixture of MnCOj; and Li,CO; with Li/Mn =1 at
400°C in air, but the resultant heat-treated sample was
a mixture of spinel type (Lij33Mn704) and Li;MnOs.
This result suggests that direct synthesis of Li; ¢Mn; ¢O4
by solid-state reaction is not possible.

The o0-LiMnO, can be classified as a rock salt
structure in which the Mn and Li ions form independent
sheets of MnOg and LiOg octahedra that are arranged in
corrugated (zig-zag) layers. Due to the manganese (d*)
electronic configuration, the oxygen octahera around
Mn** in 0-LiMnO, is quite asymmetric (Jahn Teller
Deformation). The oxidation of 0-LiMnO, leading to a
more symmetrical manganese Mn*' (@°*) is rather
likely to induce some structural rearrangement or even
straightforward structural transition towards a higher
symmetry. Transformation of the 0-LiMnO, to the
spinel-type lithium manganese oxide has been explained
by different researchers [32-34]. The displacement of
Mn atoms into neighboring vacant octahedral sites
causes the displacement of the other Mn atoms. This
transformation is caused by a displacement of 50% of
the Mn atoms to generate the 3:1 ratio of Mn atoms in
alternate layers between layers of cubic closed packed
oxygen planes, which is required by the ideal Li{Mn;]Oy.
This normal spinel structure possesses the crystal-
lographic space group Fd3m, where Li ions occupy 8a
tetrahedral sites and Mn ions occupy 164 octahedral
sites in a cubic closed packed array of oxygen ions. We
carried out Rietveld and TEM analyses for Li and Mn
atoms distribution in Li;¢Mn;¢O4. The Lij ¢Mnj Oy
was found to be a lithium-rich cubic spinel where some
of the Mn atoms were displaced by the Li atoms. The
formula could be written as (Li)g,[LiosMnj s5];6,03.75
with excess Li and Mn atoms in 16d sites of spinel
notation having oxygen deficiency. A paper on structur-
al refinement of Li; ¢Mn;¢O4 using Rietveld and TEM
analyses is in progress for submission.

The FT-IR spectrum of Lij¢Mn;604-1 and
Li; ¢Mn; ¢O4-2 is shown in Fig. 3. Small bands at 1500
and 1442 cm~! were attributed to carbonate stretching
vibration and 944 and 844 cm~' to carbonate lattice
vibration. The bands (650 and 510 cm™!) in the regions
below 800 cm~! were shifted to a slightly higher wave
number as compared to LiMnO, samples.

The DTA-TG curve of LiMnO,-3 showed a small
exothermic peak at 608°C with weight gain from 400°C
till a constant weight was reached at 800°C (Fig. 6). This
decomposition temperature was much higher than that



R. Chitrakar et al. | Journal of Solid State Chemistry 169 (2002) 66—74 71

LiMnO;‘l

Li; Mn; ¢0,-1

Fig. 4. SEM photographs of different samples.

of LiMnO,-1 or LiMnO,-2. The XRD pattern of
LiMnO;-3 heated at 400°C in air (LiMnO;-3-400) still
showed major peaks corresponding to o-LiMnO, with
traces of LiMn,O4 (Fig.5). The XRD patterns of
LiMnO;-3 heated at 600°C in air (LiMnO,-3-600)
showed peaks of monoclinic Li,MnO; and spinel
LiMn,04 (Fig. 5). Crystalline 0-LiMnO,; is known to
decompose to a mixture of Li;MnO3; with monoclinic
phase and LiMn,0O4 with spinel phase after heating at
500°C in air [33]. Attempts to prepare a single phase of
cubic Lij ¢Mn; 04 by the heat treatment of LiMnO,-3
were unsuccessful in the present study.

The FT-IR spectra of LiMnO,-3-400 are shown in
Fig. 3. A small band around 3400 cm~' could be
assigned to the stretching vibration of adsorbed water
from the atmosphere. The two bands at 944 and
865 cm™! due to carbonate were also observed. The
bands at 650 and 510 cm™! were due to Mn-O
stretching vibrations; these two bands were shifted to a
higher wave number as compared to LiMnO,-3. The
SEM image recorded for LiMnO,-3-400 sample is quite
different from LiMnO,-3 (Fig.4), because thermal

decomposition of LiMnO,-3 at 400°C in air leads to
the formation of a mixture of LiMnO, and LiMn,0;,.
A mixture of the two oxides could be clearly seen in
the LiMnO,-3-400 sample showing large crystals of
LiMnO, with small attached fibrous particles of
LianO4.

3.4. Acid-treated materials

Chemical analysis showed that 93% and 96% of the
original lithium contents in Lij¢Mn;¢O4-1 and
Li; ¢Mn; ¢O4-2, respectively, were extracted with a
0.5 mol dm~® HCI solution, with little dissolution of
Mn?* ions (2%). These two samples with tetravalent
manganese formed stable protonated sites according to
the topotactic Li"/H" exchange reaction without a
disproportionation reaction and such acid-treated sam-
ples should act as lithium-selective adsorbents. The
mean oxidation states of manganese in HjgMn O4-1
and H; ¢Mn| ¢04-2 were nearly equal to 4 (Table 1). The
lattice proton content was evaluated by the weight loss
between 100°C and 400°C in the TG curve, assuming the
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Fig. 5. XRD patterns of crystalline 0-LiMnO; and its heat- and acid-
treated samples.

product to be f-MnO, at 400°C. The H,O contents were
nearly equal to the theoretical proton content calculated
based on the Li* /H™ exchange reaction, suggesting that
the H,O contents corresponded to the number of lattice
hydroxyl groups formed by the exchange reaction.
Calculation of the chemical composition of the acid-
treated samples showed the presence of small amount of
un-reacted lithium as an impurity (Table 1).

The XRD patterns of H;¢Mn;cO4-1 and
H;¢Mn; 404-2 showed the preservation of the cubic
structure with a slight decrease in the lattice constant of
a=8.05 A, while the relative intensities of the peaks
were almost the same as the precursor Lij¢MnjOq4
(Fig. 2).

The DTA-TG curves of Hi¢Mn;¢O4-1 show two
small endothermic peaks at 149°C and 195°C with
weight loss, while H; ¢Mn; ¢O4-2 shows only one small
endothermic peak at 192°C with weight loss (Fig. 6).
The temperature (195°C), where the endothermic peaks
were observed, was higher than the usual evaporation
temperature of water (100°C); so these samples con-
tained crystal water or lattice hydroxyl groups in a more
ordered state, which was further confirmed from FT-IR
results. The complete evaporation of these lattice
hydroxyl groups was followed by the transformation
from the cubic structure to [-MnO,. The large
endothermic peaks at 537°C and 531°C for both samples
with weight loss were due to the transformation from
B-MnQO; to the more stable a-Mn,;O3; phase accompa-
nied by loss of oxygen.

LiMnO,-2 LiMnO,-3
. 6 6
g 608 °C
4] 335°C
N
g
<
g b
o
3
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
H, Mn, (O,-1 0 H, Mn, (0,-2 LiMnO,-3-400(H) 0
- 0
g 16
i X
<
1]
112 2
. )
S i
-] 18 ~
5| - B
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400

600 800 0 200 400 600 800 0 200
Temp./°C
Fig. 6. DTA-TG curves of different samples.
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The FT-IR of H].éMn]'604—1 and H1,6Mn1,604-2
showed two distinct bands resolved at 3350 and
3394 cm~!, which were due to the stretching vibration
of hydroxyl groups (Fig.3). These two bands were
usually associated with the band at 910 cm~!, which was
due to lattice coupling vibration and suggested the
presence of hydroxyl groups in a more ordered state.
Similar results were also observed on crystalline sample
obtained by acid treatment of spinel-type lithium
manganese oxide [35]. The band at 1613 cm~' could
be ascribed to the bending vibrations of the lattice -OH
groups.

The acid treatment of LiMnO,-3-400 led to a
disproportionation-type reaction with Li* extractability
of 78 wt% and Mn”>" ion dissolution of 20 wt%.
Chemical analysis showed that the Li/Mn mole ratio
in aqueous phase after acid treatment was 2.1, which
was close to the theoretical value (dissolved Li/dissolved
Mn = 2) based on the disproportionation reaction of
LiMnO, as follows:

LiMn(II1)O, + 4xH* — Liz_»,Mn(III); , Mn(IV) Og_s,
+ xMn>* + 2xLi* + 2xH,O.

On the other hand, the Li" ion extractability from the
LiMnO,-3-600 sample was only 55 wt% with 7 wt%
dissolution of Mn>* ions; the low Li" extractability was
due to the presence of LiMnO; phase, as it was
confirmed from the XRD patterns (Fig. 5). It is well
known that the extraction of Li* from Li,MnOs is very
difficult by a similar acid treatment [36].

The DTA-TG curve of the acid-treated sample
LiMnO;-3-400(H) is shown in Fig. 6. There was a small
endothermic peak at 228°C with weight loss. The weight
loss continued until 500°C and no endothermic peak
was observed around 530°C. The evaluated lattice
proton content in LiMnO,-3-400(H) sample was nearly
1/4 due the disproportionation reaction as compared to
H; ¢Mn; ¢O4 samples.

3.5. Lit uptake from LiCl-enriched seawater

The Li* uptake from LiCl-enriched seawater was
investigated with acid-treated samples. The Li™ uptakes
by H]}(,MH1.604-1 and H1,6Mn1,604-2 were
4.75 mmol/g (33 mg/g), while the uptake was less than
0.10 mmol/g by LiMnO,-3-400(H). These results con-
firmed that adsorbents derived from low crystalline
0-LiMnO, were highly selective for Li* ions only, and
were non-selective for alkali and alkaline earth metal
ions in seawater. Chemical analysis revealed that the
adsorbent derived from the highly crystalline 0-LiMnO,
sample contained 20% of the original Li* ions after acid
treatment, and the content of lattice protons was
markedly smaller than the other H; (Mn; ¢O4 samples,

resulting in the adsorbent showing a negligible amount
of Li* ion uptake in seawater.

4. Conclusion

Low crystalline 0-LiMnO, samples with structural
defects were successfully prepared by a solid-phase
reaction under steam atmosphere at 120°C. These
samples after heat treatment at 400°C in air were easily
converted to cubic LijgMn;¢04. The acid-treated
samples (H; ¢Mn; 404) showed lithium ion-sieve proper-
ties. Crystalline 0-LiMnO, consisted of well-ordered
particles and was converted to a mixture of LiMnO, and
LiMn,0O4 at 400°C in air and finally to a mixture of
Li,MnO; and LiMn,04 at 600°C in air and their acid-
treated samples did not have lithium ion-sieve proper-
ties. Synthetic conditions should be directed towards
creating the structural defects in order to obtain lithium-
ion-selective adsorbents. The present technique can be
presumably used to prepare other manganese oxides
with different crystal structures.
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