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A new magnesium manganese hydroxide oxide,
[Mg(OH)2]10[MnO1:86(OH)0:07]14.2.34H2O, which has a novel
incommensurate misfit-layered structure built from two pseudo-
hexagonal MnO2 and Mg(OH)2 sheets, has been hydrothermally
synthesized by using the layered birnessite as the precursor.
This compound has been investigated by TEM, XRD, TG-
DTA. The lattice parameters are a1 ¼ 0:496ð2Þ, b1 ¼ 0:292ð5Þ,
c1 ¼ 0:957ð2Þ nm, and �1 ¼ 94:1ð9Þ� for manganese oxide sub-
lattice, and a2 ¼ 0:534ð6Þ, b2 ¼ 0:313ð6Þ, c2 ¼ 0:958ð1Þ nm,
and �2 ¼ 94:8ð4Þ� for magnesium hydroxide sublattice.

Misfit-layered compounds are very interesting because of
their unusual structures as well as their properties.1–3 Typical ex-
amples are ternary transition metal chalcogenides (MX)nTX2

(M = rare earth metal, Sn, Pb, Sb, Bi; T = Ti, V, Cr, Nb, Ta,
and X = S, Se) and mixed cobalt oxides [MmA2O2þm]qCoO2

(m ¼ 1 or 2; M = Co, Bi, etc.; and A = Ca, Sr, etc.)4,5 The
structures of these compounds are built from two substructures;
CdI2-type hexagonal TX2 or CoO2 sheets and NaCl-type square-
planar MX or MmA2O2þm sheets are stacked alternately. The two
sheets have the same lattice period along the one of the in-plane
crystallographic axes. However, along another axis they show
lattice mismatch leading to the one dimensionally incommensu-
rate lattice. Besides above compounds, some of the mixed lay-
ered minerals have the misfit-layered structures.6 However, there
have been less attention paid to them so far, probably because
the misfit-layered crystals grown in the natural condition are al-
ways disordered in the layers stacking with poor crystallinity.

It is an attractive method to prepare some novel compounds
by using the layered compounds as a precursor.7–9 The layered
sodium manganese oxides NaxMnO2

.yH2O with birnessite-type
structure have been used to prepare several compounds with lay-
ered or tunnel structures, such as so called 7 and 10 �A manga-
nates.10–12 However, to our knowledge, there has been no report
about a misfit-layered hydroxide oxide with a monoclinic struc-
ture built from two kinds of sheets with the same in-plane sym-
metry. We present here a new magnesium manganese hydroxide
oxide with such a structure built from the noncommensurate
sheets of MnO2 and Mg(OH)2.

At first, we synthesized birnessite (Bir-A) according to the
method described in the literature.13 The powder X-ray diffrac-
tion (XRD) pattern of the sample shows that the crystallinity
of the compound is very low despite the aged time of more than
20 days (Figure 1, Bir-A). In order to increase the crystallinity of
birnessite, Bir-A was further hydrothermally treated in
2mol�dm�3 NaOH solution at 200 �C for 10 h. This sample
was labeled as Bir-B. Figure 1 shows that the crystallinity of
Bir-B is very high. 0.86 g of Bir-B (wet) was dispersed into

0.023mol�dm�3 MgCl2 solution (30 cm3). After stirring for 1
day, 0.5mol�dm�3 NaOH solution was added until the pH value
in the range from 11 to 12. After filtration and washing, the pre-
cipitate was autoclaved in water at 200 �C for 3 days. The XRD
pattern of this magnesium manganese hydroxide oxide (MMHO)
shows an intense peak indicating the lattice spacing of about
0.954 nm with high preferred orientation (Figure 1). As the man-
ganese minerals having such a long lattice spacing as about
1 nm, todorokite with a tunnel structure and buserite with a lay-
ered structure are known.10 However, because of the strong pre-
ferred orientation, the intensity of the higher angle peaks in the
XRD pattern of MMHO were too weak to identify the structure.
Therefore we have used transmission electron microscopy
(TEM) for the characterization of the MMHO.

The selected area electron diffraction (SAED) patterns,
TEM images and energy-dispersive X-ray (EDX) spectroscopy
were obtained with a field emission type TEM (JEOL
JEM2010F) operated at 200 kV. TEM images show that the most
of MMHO are large sheet-like crystals with two kinds of appear-
ances; ones are the smaller pseudohexagonal sheet crystals with
the diameters ranging from 800 to 200 nm, and the others are rec-
tangular sheet crystals with the dimensions ranging from 7000�
3000 to 1000� 150 nm, the appearance of which is similar to
that of the precursor Bir-B. However, all of the sheet-like crys-
tals show the same SAED pattern as shown in Figure 2a and the
similar EDX spectra, suggesting that they have the same compo-
sition and crystal structure. Besides the sheet-like crystals, a few
of the MMHO crystals are thin and stick-like with the typical di-
mension of 600� 30 nm and give the SAED patterns similar to
either Figures 2b or 2c. The EDX spectra show that these stick-
like crystals have the same composition as that of the sheet-like
crystals. The observed longest lattice spacing in the SAED pat-
terns in Figures 2b and 2c, d ¼ 0:97 nm, agrees with the lattice
spacing of the first peak in the XRD pattern, d ¼ 0:954 nm. The
d spacings observed in Figure 2a are in agreement with those of

Figure 1. XRD patterns of the samples.
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the very weak peaks found in the XRD pattern. The high-resolu-
tion transmission electron microscopy images also show almost
regular lattice fringes of about 0.95 nm.

The SAED pattern in Figure 2a shows the pseudohexagonal
symmetry and is similar to the [001] zone SAED pattern of the
monoclinic birnessite-type structure (C2=m) as indexed in the
figure.14 However, each diffraction spot splits into two or more
spots; for example, d1 ¼ 0:148 nm and d2 ¼ 0:159 nm for two
intense spots corresponding to the 020 reflection. The shorter
d1 almost agrees with the 020 lattice spacing (0.142 nm) of the
birnessite.14 The longer d2 almost agrees with the dð110Þ ¼
0:153 nm of hexagonal (P�33m) Mg(OH)2.

15 The SAED patterns
in Figures 2b and 2c can be indexed as [100] and [010] zone dif-
fraction patterns of C2=m lattice, respectively. They also show
the splitting for most of the diffraction spots along a� and b�.
However, they show no splitting along c� axis, indicating the
regular stacking of the layer units.

The above features of SAED patterns indicate that the pres-
ent MMHO has a misfit structure built with noncommensurate
sheets of MnO2 and Mg(OH)2 as shown in Figure 3. The model
structure is based on the commensurate structure reported for
lithiophorite [(Al,Li)MnO2(OH)2] in which the octahedral (or
CdI2 type) MnO2 and (Al,Li)(OH)2 sheets are stacked alternate-
ly.16 Assuming the space group C2=m for both MnO2 and
Mg(OH)2 sublattices, the lattice parameters of two sublattices
deduced from SAED and XRD patterns are as follows: a1 ¼
0:496ð2Þ, b1 ¼ 0:292ð5Þ, c1 ¼ 0:957ð2Þ nm, and �1 ¼ 94:1ð9Þ�
for manganese oxide sublattice, and a2 ¼ 0:534ð6Þ, b2 ¼

0:313ð6Þ, c2 ¼ 0:958ð1Þ nm, and �2 ¼ 94:8ð4Þ� for magnesium
hydroxide sublattice. The mutual relationship of the two sublat-
tices is that c1

� ¼ c2
�, and b1

� == b2
� in the reciprocal space. In

the real space, dð001Þ ¼ c1 sin�1 ¼ c2 sin�2, a1 == a2 and b1 ==
b2. The two sublattices are noncommensurate both along the lat-
eral a and b axes, and the � angles are also different. The most of
the reported misfit layered structure is noncommensurate only
along the one direction and the two sublattices have different
in-plane symmetry.

The Mn, Mg, and Na compositions of MMHO are 34.5, 10.8
and 0.009%, respectively, in mass (Mn/Mg = 1.41 in mole),
which were analyzed by a Hitach-Z-5310 atomic absorption
spectrophotometer. The EDX analysis in TEM also shows the
Mn/Mg molar ratio in the range from 1.3 to 1.4. TG and XRD
results indicate that this misfit-layer MMHO decomposes above
300 �C. Above 700 �C, it transforms to a Mn3O4-like compound.
The TG curve shows a stepwise weight loss; (a) a gradual loss up
to 300 �C (2.3%), (b) the steeper loss up to 500 �C (10.3%), and
(c) an abrupt loss at around 650 �C (4.9%). We assumed them as
(a) the loss of interlayer water, (b) the water loss from hydroxide
component, and (c) the O2 evolution from manganese oxide, re-
spectively. Accordingly, a chemical formula [Mg(OH)2]10-
[MnO1:86(OH)0:07]14.2.34H2O was obtained. The mole ratio of
Mn/Mg = 1.16 calculated according to the ideal model struc-
ture in Figure 3 is smaller than that obtained from the EDX
and AAS analyses (Mn/Mg = 1.41). Some vacancies and/or
the incorporation of Mn atoms in the Mg(OH)2 sublattices are
well assumed as the origin of the discrepancy. For example,
without vacancies, 10 atom% Mn in the Mg(OH)2 sublattice
gives the Mn/Mg molar ratio of 1.4.
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Figure 2. SAED patterns of the sample. (A) sheet-like crystals,
(B) and (C) stick-like crystals.
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