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In this manuscript, a rational synthetic strategy from layer
structure to nanotubes has been developed in the synthesis of
8-MnO, single crystal nanotubes by employing layered o-
NaMnO, as precursors through a controlled hydrothermal inter-
calation process.

Previous studies suggest that substances that possess layer
structures might be able to form nanotubes under favorable con-
ditions.' ™ This concept has been inspiring us to explore general
synthetic strategy to nanotubes from artificial or natural layer
structures.*®® In our recent synthesis of MnO, nanowires/nano-
rods,”!” it has been found that layer-structured curling 8-MnO,
can serve as intermediate in the formation process of MnO,
nanowries/nanorods with different crystal structures.'® So we
believe that under favorable conditions, -MnO, and other com-
pounds possessing similar layer structures can be prepared as
nanotubes, and the case is how to design a rational process.
Herein we demonstrate a successful example from layered -
NaMnO, to §-MnO; single crystal nanotubes through a control-
led hydrothermal intercalation way.

As shown in Figure 1, §-MnO; has a 2-D layered structure
that consists of edge-shared [MnOg] octahedra with cations
and water molecular occupying the interlayer region. Based on
our previous studies, the [MnOg] octahedral layers could be easi-
ly exfoliated and tend to curl under hydrothermal conditions,
which have provided the possibility for the formation of §-MnO,
nanotubes.'? Rational precursors and favorable conditions may
facilitate this formation process. Among the numerous manga-
nese oxides, ®-NaMnO, (sodium manganese oxide) is layered
and adopts a monoclinic distortion of the LiCoO, structure
caused by the Jahn-Teller activity of Mn**. Na™ ions reside be-
tween edge-shared [MnOg] octahedra layers in NaMnO, (Figure
1a).""'? The strong static interaction between the Na™ ions and
[MnOg] units holds the layers together tightly and makes it im-
possible for these layers to roll up into nanotubes. However, the
layer-structured &-NaMnO, has proven to be an ideal precursor
for the formation of §-MnO» nanotubes.

Under a neutral pH condition, Mn* is unstable and dispro-
portionation reaction will occur,

Mn*t — Mn?t 4+ MnO,
(E° = 40.56 V; AG® = —54.04 kJ-mOlfl)

Along with this process, Na™ ions will be released, and the
NaMnO; can be gradually intercalated by water molecule with
part of the Mn*" transformed into Mn**,'" which will in situ
adopt [MnOg] octahedra to form manganese oxides layers with
intercalated H,O. As a result, the interlayer distance will be en-
larged, so the strong static interaction between the MnOg octahe-

dra sheets would be weakened to some extend, which might low-
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Figure 1. Layer structure of @-NaMnO, (a) and §-MnO; (b);
gray shaded circles = H,0, dark circles = Na ions;
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Figure 2. XRD patterns of the §-MnO, nanotubes.

er the energy barrier in turning into tubular morphology, and
thus greatly increase the possibility for the formation of 6-MnO,
nanotubes.

The designed synthetic process was performed under hydro-
thermal conditions. In a typical synthesis, 0.3 g NaMnO,'*"?
was dispersed into 30-mL diluted water, then the mixture was
transferred into a 40-mL Teflon-lined autoclave, sealed, and kept
at 120-140 °C for about 4 days. Then the autoclave was allowed
to cool to room temperature on standing. The as-obtained black
precipitates were filtered, washed with diluted water to remove
ions possibly remnant in the final products. and dried at 80°C
in air.

The phase purity of the samples has been characterized on a
Brucker D8-advance X-ray powder diffractometer with Cu Ko
radiation (1 = 1.5418 A). As shown in Figure 2, all the reflec-
tions of the XRD patterns can be readily indexed to a pure mon-
oclinic phase [space group C2/m (12)] of §-MnO, with lattice
constants @ = 5.149 A, b =2.843 A, and ¢ = 7.176 A (JCPDS
80-1098). The peaks at 26 values of 12.38, 24.88, 37.4, 42.58,
and 66.12 degrees correspond to the crystal planes of 001,
002, 200, 112, and 020 of crystalline §-MnO,, respectively.
The d value of the 001 peak can be calculated to be about
0.7 nm, corresponding to the (001) plane spacing of §-MnOs,.
All the information from this XRD pattern indicates that pure
phase 8-MnO; could be obtained under current experimental
conditions.

TEM analysis provides further insight into the morphology
and microstructure details of the as-obtained §-MnO, products.
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As shown in Figures 3a-3c, all the samples dispersed on the
copper grids show nanotube morphologies with diameters 10—
20nm and length up to several pum. Further magnified images
of these nanotubes (Figures 3b and 3c) reveal their tubular struc-
tures with open ends. It is also interesting to find that these nano-
tubes tend to aggregate together to form cross-linked structures
or bundles (Figures 3a and 3b).
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Figure 3. (a), (b), (c); Low magnification TEM images of 6-
MnO; nanotubes; (d), high resolution TEM image of an individ-
ual 5-MnO; nanotube; Inset, electron diffraction patterns of the
individual 6-MnO, nanotube shown in (d) (right upper); higher
magnification of one-side wall of the individual §-MnO; nano-
tube shown in (d) (right lower); (e), EDAX spectrum of the in-
dividual 6-MnO, nanotube shown in (d).

HRTEM analysis has provided more detailed structure in-
formation on these nanotubes. Figure 3d shows an individual
open-end 3-MnO; nanotube with diameter ca. 20 nm. Further
magnification clearly shows that its wall contains about 10 layers
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(Figure 3d inset, right lower). The interlayer spacing is calculat-
ed to be about 0.7 nm, which corresponds to the interlayer dis-
tance of (001) planes in §-MnO, and coincides well with the
XRD results. Electron diffraction patterns (Figure 3d inset, right
upper), taken from the individual nanotube shown in Figure 3d,
have revealed its single crystal nature. EDAX (Figure 3e), taken
from the same nanotube shows that there are only Mn and O in
the nanotubes, Na has not been detected in the sample.

Nitrogen-adsorption—desorption isotherms of these nano-
tubes (supporting materials) can be categorized as type IV with
a distinct hysteresis loop observed in the range of 0.5-1.0 P/P,
and corresponding Barrett—Joyner—Halenda (BJH) pore-size dis-
tribution plots (supporting materials) reveal a distribution cen-
tered at ca. 15 nm, which coincide well with the TEM observa-
tion.

The successful synthesis of §-MnO, single crystal nano-
tubes may mean affluent physical and chemical contents. For ex-
ample, because of the excellent ion-exchange ability of §-MnO,,
these nanotubes can be further ion-exchanged into transitional
metal ions (Li*, Co®*, Mg?*, and Ni**, etc.)-doped ones, from
which novel magnetic properties can be expected. Meanwhile,
their unique tubular structural features make them ideal candi-
dates as porous materials and find applications in lithium batter-
ies, catalysts, molecular sieves, and gas mask fields, etc.

In this paper, §-MnO, single-crystal nanotubes have been
successfully synthesized in large scale through a rational lay-
er-structure-to-nanotubes synthetic strategy. This strategy is
based on the rational choice of precursors and growth conditions
and can be readily extended to the synthesis of «-NaMnO,-type
layer structured nanotubes, such as clay, NaFeO,,
Na,Co0,.,H,0, etc. We believe that the synthesis of bulk quan-
tities of single-crystal nanotubes of MnO, and other technolog-
ically important transitional metal oxide materials will open up
great opportunities for further fundamental studies and applica-
tions.
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