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Hydrothermal lithium extraction from well-crystallized Li,MnO; crystals was studied by
scanning electron microscopy (SEM) observation, chemical, and X-ray diffraction analyses.
Monoclinic Li,MnO; polyhedral crystals were prepared in an LiCl flux at 650 °C. The lithium
extraction was carried out in a variety of H,SO, solutions with mole ratios of H* in the
solution to Lit in the solid ([H*]/[Li*]s) of 0.1, 0.15, 0.25, 0.50, 0.75, and 1.0 under a
hydrothermal condition at 140 °C. The lithium extraction from Li,MnO3 proceeds consuming
equimolar H™ in the solution by the mechanism of a Li*/H™ ion exchange reaction when
[H*]/[LiT]s < 0.15 and by the mechanism of a mixture of the Li*/H™ ion exchange reaction
and lithium dissolution when 0.25 < [H*]/[Li"]s < 0.75. The lithium-extracted phase
preserves the crystal structure of Li,MnO; with a partial contraction of the lattice when
0.25 < [H*]/[Li"]s = 0.75. SEM observation showed that the lithium extraction brings about
a cleavage of the Li,MnO; particle along the (001) plane to result in a unique form in which
platelike particles are stacked, preserving the polyhedral outline. High-magnification SEM
observation showed that the platelike particles consist of an aggregate of subplates with
nanometer thickness in parallel arrangement. Slit-shaped mesopores were formed among
the subplates. y-MnO; was formed as a final product when [H*])/[Li"]s = 1. A structural
model is proposed to explain the mechanism of lithium extraction as well as the cleavage of
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the particle.

Introduction

The extraction of metal ions from manganese oxides
with ultramicro- or micropores proceeds topotactically
without any change in crystal structure. Manganese
oxides’ adsorptive properties depend largely on their
crystal and pore structures.~7 For example, the spinel-
type manganese oxide with a [1 x 3] tunnel network of
[MnOg] octahedra,'~* the hollandite type with a [2 x 2]
tunnel,® the birnessite type with a [2 x ] layer, and
the todorokite type with a [3 x 3] tunnel show selective
adsorption for lithium, potassium, rubidium, and cesium
ions,%7 respectively. These properties make manganese
oxides not only excellent selective adsorbents but also
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excellent cathode materials for advanced lithium bat-
teries®~10 and electrodes for selective electroinsertion of
metal ions.'112 Recently, rock-salt-type lithium manga-
nese oxides with a layered structure similar to LiCoO;
have attracted attention because of their high capacity
and stability as materials for lithium adsorption or for
a lithium rechargeable battery. Layered LiMnO; pre-
pared from fluxing a-NaMnO; with LiX (X = Cl and Br)
in n-hexanol around 150 °C has been reported to have
a high discharge capacity of 270 mA-h/g at the first
discharge process.!® The layerlike compound Li,MnOs3
is a promising precursor.#=20 The products obtained by
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acid delithiation of Li,MnO3 have been reported to have
a capacity higher than 190 mA-h/g at the first discharge
process.14716.20 Qur recent study shows that the product
obtained by quantitative hydrothermal extraction of
lithium had excellent structural stability in repetitive
host—guest reactions.?® Lithium extraction from Li,-
MnOs is one of the most promising methods for prepar-
ing new intercalation materials for Li™.

Previous studies on the lithium extraction from Lio-
MnOg3 in an acid solution indicate that it can be expected
to form a stable “layer-like” manganese oxide compound
by preserving the structural framework of Li,MnOQOs. It
has been reported that lithium extraction from Li,MnO3
in a 4.5 mol-dm~3 H,SO, solution at 34 and 90—115 °C
resulted in a hydrated o-MnO; and a [-MnOs-like
product, respectively,1516 while lithium extraction in an
H,SO,4 solution at 25 °C formed Li,—xMnOz_y» (Li/
Mn = 0.15),1* for which the preservation of the close-
packed oxygen arrangement of Li,MnO3 was proposed.
Incomplete lithium extraction seems favorable for pre-
serving the structural framework of Li,MnOs. To clear
up many suppositions, it is necessary to investigate
systematically the lithium extraction from Li,MnOs.

In the present study, a well-crystallized single Li,-
MnO; crystal was synthesized by use of LiCl flux,
heating at 650 °C. To control quantitatively the lithium
extraction, the crystals were subjected to a hydrother-
mal treatment in H,SO4 solutions of various mole ratios
([HT]/[Lit]s) of HT in solution to Li* in the Li,MnOa.
The cleavage behavior of single crystals during lithium
extraction was observed by scanning electron micros-
copy (SEM). Based on those results, a mechanism for
the particle cleavage has been proposed.

Experimental Section

Preparation of Starting Li,MnOs;. The Li,MnO3; powder
was prepared by the LiCl flux method. A mixture of LiCl (7.2
g) and MnOOH (1.5 g) was placed in a pure alumina crucible
with a diameter of 80 mm. The crucible was set in an electric
furnace and heated at 650 °C for 4 days. Air was introduced
to the furnace at a flow rate of 400 cm®min during the heating.
A mixture of the crystal plate and powder were obtained after
immersing in distilled water, filtering, washing, and drying
at 100 °C. The product was then sieved, and the particles
between 10 and 30 um in size were used for the following Li*
extraction process.

Lithium Extraction from Li,MnOs. The Li* extraction
from Li,MnO3; was studied using H,SO, solutions under a
hydrothermal condition. An Li,MnO3; sample (0.175 g) was
added to a 0.01, 0.015, 0.025, 0.05, 0.075, or 0.10 mol-dm—3
H,SO, solution (15 cm®). The added amount of H,SO, corre-
sponds to the mole ratio ([H*]/[Li*]s) of H in the solution to
Lit in the LioMnO; of 0.1, 0.15, 0.25, 0.50, 0.75, and 1.0,
respectively. The mixtures were heated in an autoclave at 140
°C for 72 h with intermittent shaking. After the hydrothermal
treatment, the solids were filtered, washed with distilled
water, and then dried at 80 °C. The Li*-extracted samples are
abbreviated as Ex-0.1, Ex-0.15, Ex-0.25, Ex-0.5, Ex-0.75, and
Ex-1, where the numbers correspond to the [H*]/[Li*]s ratio.
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Chemical Analyses. The lithium and manganese concen-
trations of the supernatant solutions were determined by
atomic absorption spectrometry. Lithium and manganese
contents of the starting Li,MnO; and the Li*-extracted samples
were determined after dissolving them in a mixed solution of
HCI and H;0,. The available oxygen of each sample was
determined by the standard oxalic method.?* The mean oxida-
tion number of manganese (Zun) and the oxygen content were
calculated from the value of available oxygen. The fraction of
lithium extraction (fex) was calculated as follows.

_ _amount of Li" extracted into solution
 amount of lithium in starting Li,MnO,

x 100% (1)

The lattice proton contents of the Li-extracted samples
were estimated from the weight losses between 100 and 400
°C on thermogravimetric curves.??

Physical Analyses. X-ray diffraction (XRD) analyses were
carried out using a Rigaku-type RINT2500 X-ray diffractome-
ter with a graphite monochromator. The SEM observation was
carried out on a JEOL-type JSM-5310 SEM. A nitrogen
adsorption—desorption isotherm at 77 K was obtained on a
Quantachrome type Autosorb 1-C apparatus with a sample
outgassed for 4 h below 1073 mmHg at 200 °C. The surface
area was calculated by the Brunauer—Emmett—Teller (BET)
method. Thermogravimetric—differential thermal analysis
(TG-DTA) curves were obtained on a Shimadzu type (DTG-
50) thermal analyzer at a heating rate of 10 K/min.

Results

Characterization of Li,MnOg;. Lithium and man-
ganese contents of the starting Li,MnO3 were 16.9 and
8.5 mmol/g, respectively, and the mean oxidation num-
ber of manganese (Zun) was 4.0. The chemical formula
(Li2oMnOg30) on the basis of the chemical analyses is
the same as the theoretical formula of Li,MnO3. A SEM
photograph of Li,MnO3 showed that it consisted mainly
of polyhedral crystals between 10 and 30 um in size
(Figure 1, top). The surface of the particles is smooth.
XRD analysis indicated that the crystal system of Li,-
MnOs is identical with that of a single phase of mono-
clinic Li;MnO3 with a dgo; value of 4.74 A (Figure 1,
bottom). The TG-DTA curves (TG-DTA curves are given
in Figure 5) of Li,MnO3; showed no weight change or
thermal effect until 1000 °C.

The LiCl flux gives well-crystallized Li,MnOs crystals.
It is more stable against heating than other lithium
manganese dioxides such as LiMnO,, spinel type
LiMI"I204, or LillggMn1,67O4.19’23’24

Lithium Extraction. The starting Li,MnO3; was
stable against acid treatment at room temperature.
Only 0.9 mmol/g of lithium (corresponding to fox = 5%)
was extracted when the starting Li,MnO3 (0.1 g) was
treated in a 5 mol-dm~2 H,SO, solution (50 cm?) at room
temperature for even 16 months. The lithium extract-
ability is markedly lower than that in the literature, in
which a significant lithium extraction from Li,MnO3 has
been found in an acid solution even at 25 and 34 °C.1416
The low lithium extractability of the present Li,MnO3;
may be due to its well-crystallized form.

The lithium extraction and the manganese dissolution
were studied under the hydrothermal condition at 140
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Table 1. Analysis Results and Chemical Composition of the Li"-Extracted Samples

contents (mmol/g)

chemical

sample [HHI/[Li*]s? Li Mn H Zmn® Li/Mn H/Mn composition
LioMnO3 16.9 8.5 4.0, 2.0 LioMnOs

Ex-0.1 0.10 15.3 8.6 1.7 4.01 1.78 0.20 Li1,78Ho,20Mn03,0
Ex-0.15 0.15 14.6 8.6 2.6 4.09 1.70 0.30 Li1.70Ho.30MnO3
Ex-0.25 0.25 13.1 8.7 3.0 3.97 1.51 0.34 Li151H03aMnNO2g
Ex-0.5 0.50 8.5 9.2 6.0 401 0.92 0.65 LiolngolﬁsMnOZB
Ex-0.75 0.75 4.5 9.4 7.0 3-96 0.48 0.74 Lio,48Ho,74Mn02,5
Ex-1 1.00 0.2 10.8 3.6 3.9 0.02 0.33 Lio.02Ho.33MNO2.,

a[H*]/[Li*]s: mole ratios of HT in solution to Li* in Li2MnOs. P Zyn: mean oxidation number of manganese.
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Figure 1. SEM image (top) and XRD pattern (bottom) of
starting Li,MnOs.

°C in the H,S0O4 solutions. Manganese dissolution was
not detected by the analysis of the supernatant solutions
(Mn concentration was less than 107¢ mol-dm=3). The
lithium concentration in the supernatant solution in-
creased in proportion to the initial H,SO, solution. The
acid—base titration of the supernatant solutions showed
that the protons in the starting solutions were almost
consumed by the hydrothermal treatment. The amounts
of Li™ extracted into solution are plotted as a function
of H™ consumed in Figure 2. Both amounts are equal
for all of the samples, indicating that the selective
lithium extraction proceeds by consuming an equivalent
amount of protons in the solution.

Chemical analysis results of the Lit-extracted samples
are shown in Table 1. The chemical compositions in the
last column were calculated from the lithium, manga-
nese, and lattice proton contents and mean oxidation
numbers of manganese (Zmn) of solids. The lithium
content decreases while the manganese content in-
creases slightly with an increase in the [H*]/[Li*]s ratio.
The tetravalent state of manganese in solids shows that
the redox reaction does not take place during the
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Figure 2. Changes in the amount of Li* extracted with the
amount of H* consumed in solution.

lithium extraction. The lattice proton content of the
solids increases with the [H*])/[Li™]s ratio up to 0.75 and
then decreases. When the changes of the H/Mn ratio
are compared with those of Li/Mn ratios, it is found that
the amount of H* inserted into the solid is almost equal
to that of Li* extracted for Ex-0.1 and Ex-0.15 but
observably smaller for the other samples.

Change in Morphology. No distinguishable change
was found for Ex-0.1 and Ex-0.15. However, SEM
photographs of Ex-0.25, Ex-0.5, and Ex-0.75 show that
they have a unique form; platelike particles are stacked,
preserving the outline of the starting Li,MnO3 particle
(Figure 3a,b). They resemble the starting Li,MnOg3
particle cut into round slices of different thickness. We
have not seen this kind of manganese oxide with such
microstructure before. The plane of the plates formed
has a polygonal form with the same interior angles as
those of the starting Li,MnOj3; particle (Figure 3a). The
thickness of the plates decreases observably with an
increase in the [H*]/[Li*]s ratio. This indicates that the
lithium extraction brings about the cleavage of the Li,-
MnOs particle when [H*])/[Li*]s = 0.25. No other alien
substance was found in Ex-0.25 and Ex-0.5, but a small
guantity of rod-shaped crystals was found at the side
of the plate in Ex-0.75 (marked with arrows in Figure
3a) while needle-shaped crystals formed on the surface
of Ex-1. The stacked-plate structure is stable when
0.25 < [HT)/[LiT]s = 0.75 but destroyed for Ex-1.
Magnified SEM observation was carried out on both the
surface and side of the cleaved plate (Figure 3b,c). The
image of the side of the plate shows that the plate
consists of an aggregate of very thin subplates of
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Figure 3. (a) SEM images of the Lit-extracted samples. (b) Magnified SEM images of the side of the plate in the Lit-extracted
samples. (c) Magnified SEM images of the cleaved surface in the Li*-extracted samples.

nanometer thickness in parallel arrangement (Figure
3b). The thickness of the subplates in Ex-0.25, Ex-0.5,
and Ex-0.75 was 10—30 nm. The cracks among sub-
plates become more pronounced with the progression
of lithium extraction. The formation of welts was found
on cleaved surfaces for Ex-0.25, Ex-0.5, and Ex-0.75,
while Ex-1 has a rough surface (Figure 3c). The needle-
shaped crystals appear to grow out of the side of the
plate in Ex-1.

Change in the Crystal Phase. XRD patterns of the
LiT-extracted samples are given in Figure 4a. The main
peaks in Ex-0.15, Ex-0.25, Ex-0.5, and Ex-0.75 are the
same as those of the starting LioMnO;z; (marked with
@®). This indicates that the monoclinic phase of the
starting Li,MnOg3 is preserved as a main phase even
after the lithium extraction up to 75%. Two peaks at
d = 4.60 and 4.43 A are observed for the patterns of
these samples; they are ascribed to the monoclinic phase
with smaller lattice parameters perpendicular to the
(001) plane. The pattern for Ex-0.5 shows small portions
of hydrated a-MnO; (indicated by O),15 and that for Ex-
0.75, the formation of hydrated a-MnO, and y-MnO,
phases (V). This shows that partial structural transfor-
mation takes place for Ex-0.5 and Ex-0.75 by the lithium
extraction. The XRD pattern of Ex-1 shows that full
lithium extraction brings about a structural change from
the monoclinic phase to y-MnO,. The final crystal phase
at the full lithium extraction is different from those in
the literature,'>12 where the final products of the
B-MnO2-like phase and a hydrated a-MnO; have been
reported.

Thin film XRD analyses were carried out to identify
the orientation of the platelike particles (Figure 4b). The

LiT-extracted samples were dispersed in thinner on the
surface of a glass holder. Three main peaks at dgo; =
4.73 A and d = 4.60 and 4.42 A are strengthened in the
patterns of Ex-0.25, Ex-0.5, and Ex-0.75. This shows
that the plate in Figure 3a contains planes parallel to
the (001) crystal plane. The peak at d = 7.04 A for Ex-
0.25 and d = 7.10 A for Ex-0.5 and Ex-0.75 in Figure
4b is more distinguishable than that in Figure 4a for
three samples. This suggests that the hydrated o-MnO,
phase is formed on the samples of the plate.

Thermal Behavior. TG-DTA curves of the starting
Li,MnO3; and the LiT-extracted samples are given in
Figure 5. The TG curves show weight losses above 100
°C for the Lit-extracted samples. These weight losses
can be characterized as the dissipation of water mol-
ecules by the condensation of lattice OH groups,??
indicating the presence of the Li*/H*' ion-exchange
reaction. Two endothermic peaks are observed around
200 °C for samples Ex-0.15 and Ex-0.25, while there are
two peaks separated at around 150 and 230 °C for
samples Ex-0.5 and Ex-0.75. All of the peaks are
accompanied by weight losses in the TG curves. These
results suggest the presence of two kinds of OH sites
with different thermal stability.

Mesoporous Structure. The nitrogen adsorption—
desorption isotherms type for Ex-0.25, Ex-0.5, Ex-0.75,
and Ex-1 can be classified as BDDT type IV (Figure 6),2°
which is observed for mesoporous materials consisting
of aggregates of platelike particles with slit-shaped
pores,?>26 such as naturally occurring sodium-rich

(25) Sing, K. S. W.; Everett, D. H.; Haul, R. A.; Moscou, L.;
Siemieniewska, T. Pure Appl. Chem. 1985, 57, 603.
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Figure 4. (a) XRD patterns of the Li*-extracted samples (@,
Li.MnOs3; O, hydrated a-MnO,; v, y-MnO,). (b) Thin film XRD
patterns of the Li*-extracted samples. The thin film sample
was mounted on the surface of the reverse side of a glass
holder.

montmorillonite?” and halloysite.? This suggests that
Ex-0.25, Ex-0.5, Ex-0.75, and Ex-1 have slit-shaped
mesopores. The BET surface areas are less than 1
m2-g~1 for the starting Li,MnOs, Ex-0.1, and Ex-0.15

(26) Gregg, S. J.; Sing, K. S. W. Adsorption, Surface Area and
Porosity; Academic Press: London, 1982; p 111.

(27) Barrer, R. M.; MacLeod, D. M. Trans. Faraday Soc. 1954, 50,
980.

(28) Gregg, S. J.; Langford, J. F. J. Chem. Soc., Faraday Trans. 1
1977, 73, 747.
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Figure 5. TG-DTA curves of the starting Li,MnO3; and the
Lit-extracted samples.
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Figure 6. Nitrogen adsorption—desorption isotherms of the
Lit-extracted samples (S = BET surface area).

and 10, 24, 55, and 52 m2-g~! for Ex-0.25, Ex-0.5, Ex-
0.75, and Ex-1, respectively. This shows that the lithium
extraction develops the cleavage of the starting particle
to form new surfaces. We can conclude from these
results that hydrothermal lithium extraction from well-
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crystallized Li,MnO3 gives a manganese oxide with slit-
shaped mesopores.

Discussion

Chemical Reaction of Lithium Extraction from
the Li,MnOg3 Particle. For the lithium extraction from
Li;MnO3;, Rossouw and Thackeray have proposed that
Li,O dissolution is the major reaction,* while Lubin et
al. proposed a Lif/H" ion-exchange reaction.’® The
present results show that both the Li*/H* ion exchange
and lithium dissolution take place for lithium extraction
from well-crystallized Li,MnOj3. Because the amount of
H* inserted is equal to that of Li* extracted for samples
Ex-0.1 and Ex-0.15, only the Li*/H* ion-exchange reac-
tion progresses for these two samples as follows:

Li,MnO,(s) + xH™(I) = Li,_,H,MNnO,(s) + xLi*(l)
2)

where the notations s and | refer to the species in the
solid and liquid phases, respectively. The Li*/H™ ion-
exchange reaction progresses topotactically, preserving
the monoclinic structure of Li,MnO3. The H* contents
of the other Lit-extracted samples, however, are con-
siderably smaller than those expected from the amounts
of Li* extracted, assuming a Li*/H™ ion exchange (Table
1). The smaller H™ content can be ascribed to the
dissolution of lithium as Li»O, in addition to the Li*/
H* ion exchange. The lithium dissolution reaction can
be written as follows.

Li,MnO; + 2yH" — Liy,_,MnO,_, + 2yLi* + yH,0
3)

Lithium dissolution accompanies a loss of lattice oxygen.
The fraction of HT/Li™ ion exchange (fi,;n) and the
fraction of lithium dissolution (fgiss) can be calculated
by assuming that the amount of lithium extraction is
the total amount of H*/Li* ion exchange and lithium
dissolution, as follows.

fion =

amount of H in solid (MMOl“g,; o, )

X
amount of lithium in starting Li,MnO;, (mm0|‘9u2Mno;1)
100% (4)

ion (5)

The amount of H' in the solid was converted to
millimoles per gram of starting Li,MnO3 for comparison
with the amount of Li* extracted. The values of fey, fyiss,
and fion are given in Figure 7. The fion value increases
with the [H*])/[Li"]s ratio up to 0.75 and then decreases,
while the fgiss value increases monotonically in the range
[HTI/[LiT]s = 0.25. The fgiss values are smaller than the
fex values for Ex-0.25 and Ex-0.5 but slightly larger than
those for Ex-0.75. The lithium dissolution becomes the
main reaction at [H*]/[Li*]s = 1.

Mechanism for the cleavage of the Li,MnOs;
particle. Li,MnO3 has a rock salt structure with a
close-packed oxygen anion array in which layers of Li
atoms ([Li]) and layers of a mixture of Li and Mn atoms
(Mn:Li = 2:1, [Mn,L.i]) alternate with one another along
the direction perpendicular to the c axis with interven-

fdiss = 1:ex —f

Chem. Mater., Vol. 12, No. 11, 2000 3277

100 —
-0 s

B 7 %
751 é £ ion M ¥
- N
s | .
= r — N
£ 50 N
g L ~
‘LI: N
L - X
- 7N N
N \
L /f i X
25+ ] X v
= N N
N o
L N N
e . ! . N
o7 : N
Ex-0.1 Ex-0.15 Ex-0.25 Ex-0.5 Ex-0.75 Ex-1

Ex-samples

Figure 7. Fractions of lithium extraction, H*/Li* ion change,
and lithium extraction for the Lit-extracted samples.

ing layers of oxygen (Figure 8, right).2* Three kinds of
Li* sites are present in Li,MnQgz: at 2b sites in the [Mn,-
Li] layer and at 2c and 4h sites in the [Li] layer. It is
reasonable to consider that the initial Lit/H* ion
exchange proceeds through the 2c and 4h Li™ sites of
[Li] layers, because the LiOg octahedra at 2c and 4h
sites in the [Li] layer are unstable because of their
distorted form and the lithium atoms can migrate easily
to the solid surface through the [Li] layer without
interference from Mn atoms. Two endothermic peaks
in the DTA curves of the LiT-extracted samples when
[HT]/[Li*]s ratio < 0.75 (Figure 5) are possibly at-
tributed to the two kinds of hydroxyl groups formed by
the Li™/H™ ion-exchange reaction at 2c and 4h sites. The
OH groups formed by the Li*/H™ ion-exchange reaction
prefer an orientation toward nearest-neighbor oxygen
O—0O (Figure 8), similar to the case of spinel-type
lithium manganese oxides.?°3° The length of OH has
been reported as 0.93—0.98 A, which is about one-third
of that (3.05 A) of the O—0 bond. Therefore, the Li*/H*
ion exchange may bring the lattice contraction along the
¢ axis to give the small dgo; values of 4.60 and 4.43 A
as identified in the XRD patterns of Figure 4a.

The cleavage of the particle by the lithium extraction
is schematically illustrated in Figure 9. The Li*/H™ ion-
exchange reaction starts on the surface of the Li,MnO3;
particle perpendicular to the (001) plane (Figure 9b),
accompanied by the contraction of the lattice. The lattice
contraction in the Li™-exchanged phase produces distor-
tion and strong stress at the interface between the
unreacted Li,MnO3 and the Lit-exchanged phase. When
the stress exceeds the hydrogen-bonding energy follow-
ing further lithium extraction, the cracks are formed
at appropriate intervals (Figure 9c), as shown in the
SEM image of Ex-0.25. Once the crack is formed, the
lithium extraction progresses preferably from the top
of the crack because the point of the crack is in a highly
active state. In addition, the dissolution of Li,O may

(29) Ammundsen, B.; Roziere, J.; Islam, M. S. J. Phys. Chem. B
1997, 101, 8156.

(30) Ammundsen, B.; Burns, G. R.; Jones, D. J.; Roziere, J. J. Chem.
Mater. 1996, 8, 2799.
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Figure 9. Morphological image of the particle cleavage.

progress more easily on the cleaved surface because the
cleaved surface is more active than the conventional
particle surface. The hydrated a-MnO, phase, observed
on the surface of the platelike particles by thin film XRD
analyses, can be ascribed to the product formed as a
result of the Li»O dissolution from LioMnO3. These two
reactions accelerate the growth of the cracks, conse-
quently producing the subplate. Further growth of the
cracks results in the cleavage of the particle to produce
stacked platelike particles (Figure 9d), as shown in the
SEM images of Ex-0.5 and Ex-0.75.

The nitrogen adsorption—desorption isotherms show
that the BET surface area of the Lit-extracted sample
increases with the progress of lithium extraction when
[H*]/[Li*]s < 0.75. This can be ascribed to the formation
of new surfaces during the cleavage of the starting Lis-
MnOg particle. It can be calculated that cleavage from
hexastyle Li,MnO3 particles with a diagonal length of
hexagon of 20 um and a height of 20 um to the
hexagonal plate with a thickness of 10 nm increases the
surface area to 42 m?/g (the theoretical density of Li,-

Li*-exchanged phase

(b) Ex-0.1 and Ex-0.15 \
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(c) Ex-0.25
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MnOs is calculated as 4.8 g/cm? from the cell parameters
ofa=494 A b=853A ¢c=5.03A, and g = 109.5°).
The BET surface area (55 g/cm?3) of Ex-0.75 is larger
than the calculated value, probably because of its rough
surface. This shows that subplates extend to the inside
of the solid. Between the subplates, slit-shaped meso-
pores are formed.

Phase Transformation. We consider that the phase
transformation to hydrated a-MnO, proceeds on the
cleaved surface by lithium dissolution as shown in
Figure 9c. The dissolution of lithium can be rewritten
from eq 3 as follows.

Li,MnO; + 2H" — MnO,-H,0 + 2Li"  (6)

The reaction (6) forms hydrated a-MnO, on the
surface of the plates. Therefore, the dissolution of
lithium does not destroy the basic monoclinic structure
in the solids even for Ex-0.75, in which the value of fgiss
reaches 39% for a loss of 20% of lattice oxygen. We note
that extent of lithium dissolution increases with an
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increase of the BET surface area, and the ratios of the
extent of lithium dissolution to BET area are 0.08, 0.1,
and 0.1 mmol/m?2 for Ex-0.25, Ex-0.5, and Ex-0.75. The
ratios correspond to the amount of lithium in 2—3 layers
of [Li] and of [Mn,Li] at the surface, respectively.

The phase formation to y-MnO, in Ex-0.75 and Ex-1
proceeds through the dissolution of lithium from 2b sites
in the [Mn,Li] layer. Because 2c and 4h lithium sites
in the [Li] layer account for 75% of the total lithium in
Li,MnOg3, the dissolution of lithium from 2b sites in the
[Mn,Li] layer starts from [H*]/[Li*]s = 0.75 for Ex-0.75
and becomes predominant for Ex-1. This destroys the
[Mn,Li] layered structure, causing structural transfor-
mation from layered to tunnel type. The lithium dis-
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solution forms a few rod-shaped y-MnO, crystals at the
sides of plates for Ex-0.75 (Figure 9d) and a single phase
of y-MnO; crystals for Ex-1 (Figure 9e).

Conclusions

Hydrothermal treatment of well-crystallized Li,MnO3;
results in the selective extraction of lithium by both Li*/
H* ion exchange and a Li,O dissolution mechanism.
Lithium extraction brings about cleavage of the par-
ticles; manganese oxide in the form of stacked plates
can be obtained. The technique of selective extraction
is a unique method for the preparation of novel man-
ganese oxide porous crystals.
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