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ABSTRACT: A 2 x 2 layer-buckled manganese oxide, Ky 46Mn,O,4+0.28H,0 (I), has
been synthesized under high pressure and retained at ambient pressure; it is metastable and
will finally transform to a 2 X 1 layer-buckled Ky 9oMn304+ 1.25H,0 (II) in 1 year. Both
crystal structures were determined by single-crystal X-ray diffraction. On the basis of these
buckled layers, which are a result of ordering of Mn>"/Mn** in separate rows and
cooperative Jahn—Teller distortion of Mn>"Og4 octahedra, a mechanism of structure
transformation from birnessite to tunnel structures was proposed.
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nexpected fascinating phases may appear when nanoporous
Umaterials are subjected to high pressure (HP) because HP
affects not only the structure of the flexible open framework but
also the fate of extraframework cations and the guest molecules in
the nanopores, resulting in volume contraction or expansion.l_4
The layered structures, such as graphite oxide (GO), have attracted
considerable interest because of their ability to accommodate dif-
ferent solvents under HP. GO layers are buckled, deviating from the
ideal planar shape at the positions of functional group bonding'
Birnessite-related materials present similar layered structures, and
the MnOyg octahedral layers may also be buckled because of the
mixed-valent MnOj octahedral layer of Mn®" /Mn*" with a distinct
steric environment,® which is expected to be magnified under HP.®
Because it is usually difficult to grow large enough crystals for a
single-crystal X-ray diffraction (XRD) study, to date, however,
structure models of birnessite determined from powder XRD show
us only a simple planar MnOg layer.>” In this study, HP not only can
enhance the crystallinity and crystal size of birnessite but also can
force Mn®" and Mn*" into an ordered state by elongation and
orientation of the Mn®>"Og octahedra. A 2 x 2 buckled MnOg
octahedral layer of Ko gsMn, O, 0.28H,0 (I) was stabilized at HP
(50 MPa) and transformed to a 2 X 1 buckled MnOj octahedral
layer of Ky 9oMn3Og- 1.25H,0 (II) when annealed at room tem-
perature in air for 1 year. Both structures were determined by single-
crystal XRD.

Birnessite is a layered mixed-valent manganese oxide built
from edge-sharing MnOg octahedra with Nat, K, or other
cations and water molecules filling the interlayer space.” Its inter-
layer spacing is about 7 A and can be tuned by incorporation of
different sgpecies, such as metallic cations, oxides, organic mole-
cules, etc.® ! Thus, it can be exploited in the fabrication of elec-
trodes, catalysts, ion sieves, and adsorbents.®'> 71 It is usually
observed as an intermediate or used as a precursor in the syn-
thesis of tunnel structures.'*'” However, the intrinsic mechan-
ism of layer-to-tunnel transformation has not yet been clear.
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Silvester et al. have studied the conversion of synthetic Na-rich
buserite to hexagonal H-exchanged birnessite at low pH and
found that the process starts with a disproportionation reaction
of neighboring Mn>" ions in the manganese oxide layers to
Mn** and Mn " ions. The Mn*" ions migrate into the interlayer
space, undergo further oxidation to Mn®" by oxygen, and assist
the formation of corner-sharing MnOg octahedra.'® However,
the transformations in alkaline conditions or solid-state reactions
are obviously different because there is nearly no soluble Mn>".
In this work, a HP flux method [see the Supporting Information
(SI) for synthesis details] was used to synthesize a layered man-
ganese oxide, I, which shows us a new implication for the layer-
to-tunnel transformation in manganese oxides.

The crystal structure of I'” is very similar to that of birnessite
synthesized in alkaline conditions.” Previous studies on powder
XRD suggested that the octahedral layer in birnessite is an ideal
plane.” However, the octahedral layer in this work is obviously
buckled along the c axis (Figure 1a). As a result, Mn ions fall into
two types, Mn(1) and Mn(2). Edge-sharing Mn(1)O¢ and
Mn(2)Og octahedral dimers connect alternately by edges along
the ¢ axis and pack along the b axis to form MnOg layers. This is
defined as a 2 X 2 buckle, referring to the definition of tunnel
manganese oxides."* Because Mn®" is a Jahn—Teller active ion
with a larger radius than Mn*", Mn*t and Mn*" have the ten-
dency to occupy Mn(2) and Mn(1) sites, respectively, because
the Mn(2)Og octahedron is no doubt elongated at the apical
direction (Figures la and 2a). These results agree well with the
proposed arrangement of Mn®>" and Mn*" in separate rows in
birnessite based on extended X-ray absorption fine structure
(EXAFS) analysis."®*° The layers are superimposed along the
[110] direction, and K ions deviate from the edges of the prisms
(Figure S6 in the SI) compared with K-birnessite (Figure S2 in
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Figure 1. Crystal structures of I (a) and II (b) looking down the b axis,
respectively. Green, purple, and blue represent Mn(1), Mn(2), and K/
H,O, respectively.
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Figure 2. XRD patterns of I (a), II (b), and synthetic K-birnessite (c),
respectively. (Insets a and b show the selected bond lengths for I and II
in angstroms, respectively.)

the SI).” The basal plane distance of I is about 6.38 A (half of the
a value), corresponding to a featured XRD peak of I at 13.98°
(Figure 2a), comparable to previously reported 6.44 A for dehy-
drated K-birnessite.'> The weak peak at 12.78° (25.68°) of I,
which indicates that there are small amounts of water molecules
between the layers, is shifted to a higher angle compared with
12.56° (25.24°) of synthetic birnessite (synthesized in hydro-
thermal conditions; see the SI) and 12.50° (25.28°) of IT (Figure 2b,
c), suggesting a strong interaction between water molecules and the
MnOg octahedral layers. Thermogravimetric analysis (TGA) in-
dicates that the water content is about 2.5% (Figure S9 in the SI).
Therefore, the obtained structure of I is an average structure, which
neglects those interlayered water molecules. Other weak peaks at
6.36° and 18.70° of I indicate that the initial structure is changed a
little by the interlayered water molecules (Figure S7 in the SI), and
both will finally disappear (Figures 2b and S4 in the SI) when I is
annealed at room temperature in air. I will gradually relieve the
lattice strain (see the Raman study below) and finally transform to
birnessite in 1 month (Figure S3 in the SI). In this process, the
positions and intensities of most Bragg diffractions are changed all of
the time (Figure S4 in the SI). The resulting birnessite in 1 month is
so disordered that the elongation and weakening of the diffraction
spots make the single-crystal study unsuccessful. Therefore, alonger
annealing time is needed. Fortunately, the single-crystal study on an
old sample annealed in air for 1 year (II) is satisfactory and shows

that the buckled layer still exists, although the buckled type changes
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Figure 3. Raman spectra of I (a), II (b), and synthetic K-birnessite (c),
respectively.

toa2 x 1buckle. Asin I, Mn®" and Mn** reside in Mn(2) and Mn
(1) sites in II, respectively. The elongation and distortion of Mn>* Oy
octahedra were decreased (Figures 1b and 2b). The percentage of
Mn*" in IT was increased, indicating that I was oxidized in air.

Because of the layer distortion incorporating large strain in the
structure of I, it is expected that the Raman scattering of I may
shift compared with K-birnessite. Figure 3 shows the Raman
spectra (excited at 785 nm) of I, II, and synthetic K-birnessite.
The Raman activity of birnessite is low on some reported syn-
thetic samples.”' However, all samples in this work present high
Raman activity with Raman scattering bands in the whole range
of 100—800 cm ™. The Raman spectra of synthetic K-birnessite
and II are basically the same, suggesting they may have similar
buckled structures. However, the Raman spectrum of I is
apparently different, and most of the Raman bands are shifted
compared with synthetic K-birnessite. The Raman band at ca.
570 cm” ! is the specific fingerprint of the Mn—O vibration along
the chains in the manganese dioxide framework.”" This mode
appears at 578 cm ™ ' in K-birnessite, but is observed at 576 cm ™'
in both I and IL In another aspect, the Raman band above
600 cm ™' can be attributed to the symmetric stretching vibration
of MnOg groups along the interlayer direction. The frequency of
this Mn—O stretching mode at high wavenumber can shift as a
function of the interlayer spacing of birnessite, which is related to
local lattice distortion. This phenomenon is more obvious here:
the frequency is shifted from 634 cm™ " in synthetic K-birnessite
and 636 cm " in II to 657 cm ™" in I, corresponding to large
lattice distortion of the octahedral layer in 1.>'

Buckling of the MnOg octahedral layer in birnessite is a result
of charge ordering of Mn>T/Mn*" in separate rows and co-
operative Jahn—Teller distortion of Mn** Qg octahedra, which
has been recognized in previous studies on EXAFS,'®*" electron
diffraction,” or powder XRD data.® From the crystallographic
point of view, charge ordering of Mn>"/Mn*" will result in two
independent Mn sites because of the distinct octahedral envir-
onments of Mn>" and Mn4+, as in I and II. However, structure
determinations on the basis of powder XRD data may miss some
important structure information, whereas the single-crystal XRD
study is powerful.>> In another aspect, a high degree of disorder
of Mn®" and Mn** within the MnOg octahedral layer of birnessite
also makes the MnOg layer a plane on average. Therefore,
the planar and buckled models can be attributed to charge-
disordered and -ordered states of Mn®>* and Mn*", respectively.
The transformation of I to II involves a Mn>"T/Mn*"
order—disorder—order transition.” When K-birnessite is
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Figure 4. Schematic representation of the hypothesized transformation
process of K-birnessite to -MnO, through layer buckling. The crystal
structures of planar K-birnessite (a) and I (b) looking down the b axis,
respectively. The small arrows point at the longer Mn(2) —O(1) bonds. (c)
Dissociation of the buckled layers. (d) Crystal structure of a-MnO, looking
down the ¢ axis.

calcined in air (around 600 °C)">?* or treated in alkaline
hydrothermal conditions,” it may be converted to 0-MnO,.>
At alower KOH/MnO, ratio of about 0.25, a-MnO, was directly
synthesized through a solid-state reaction.”” Figure 4d shows the
crystal structure of a-MnO, looking down the ¢ axis. It is
composed of 2 X 2 tunnels formed by double chains of MnOg
octahedra."> By comparing the crystal structures of birnessite
(Figure 43, ideal planar model), I, and 0-MnO,, it is likely that
the buckled layer is the intermediate state between birnessite and
0-MnO,. At the beginning of the transformation, water mole-
cules will move out of the layers, while the layers collapse (buckle) in
the oxidation process of some Mn>* to Mn*" (or disproportio-
nation of neighboring Mn** ions to Mn*" and Mn*" ions and
subsequent oxidation of Mn>* to Mn>* ions). In this process, the
MnOg octahedral layer rearrangement may involve a disordered
Mn®" aggregate in rows, which decreases the lattice strain and
facilitates further the layer-to-tunnel transformation that starts
from the breaking of the longer apical Mn—O bond of Mn>" O
octahedra.'®*® Further, Figure 4c shows the possible broken
layers, which will interconnect again to form the framework of o.-
MnO,. Thus, the MnOg octahedral buckled layers in I can be
related to MnOg octahedral chains in a-MnO,. Other types of
tunnel structures can be formed in a similar process.

In conclusion, the buckled MnOg octahedral layers of I and II
were first successfully stabilized in a HP KOH flux, which gave us
a new prospect of the structure of birnessite and the mechanism
of layer-to-tunnel transformation.
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