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A simple one-step route for preparing o-MnQO, nanotubes is
reported. The a-MnQ, nanotubes exhibit a high surface area of
226 m? ¢! and reversible capacity of 512 mA h gf1 at a high
current density of 800 mA g~ ' after 300 cycles, as well as cycling
stability when measured as an anode in lithium batteries.

Manganese oxide (2-MnQO,) with 2 x 2 tunnels constructed
from double chains of octahedral [MnQOg] structure, beneficial
for Li* transfer, has been studied as an anode for lithium
batteries, owing also to its high storage capacity, low cost,
environmental friendliness, and natural abundance.' ™ How-
ever, potential applications in practical lithium batteries are
limited due to its poor electrical conductivity and large volume
expansion during repeated lithium cycling processes.” Herein
we report the synthesis of o-MnO, nanotubes and their
satisfactory lithium battery properties.

One-dimensional (1D) nanostructured morphologies of
manganese oxide with small dimensional structures for
efficient transport of electrons and controlled size have been
designed to overcome the problems of manganese oxide when
used as anode,® ® because of their unique properties leading to
improved performances.'®'® Our group had reported the
synthesis of a series of one-dimensional (1D) single-crystal
nanostructures of MnO, with different crystallographic
structures, which provided the possibility of detecting the
theoretical operating limits of a lithium battery.'*'® However,
the high capacity could not be well retained after extended
cycling."”" To retain or increase the high capacity, many
efforts have been made to combine MnO, with graphene or
nanotubes,?*>! which, however, are complex to prepare. In the
study, we aimed at obtaining a MnO, material with high
capacity via a simple fabrication method. To achieve high
capacity, electrode materials can be modified as follows:
(i) minimizing solid-state diffusion lengths for both Li™ and
e~; (ii) introducing mesopore channels for substantial Li* and
e~ transfer; and (iii) amplifying the intrinsic surface area.
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Large surface and thin-walled «-MnO, nanotubes thus seems
a promising material. In our previous report, MnO, nanotubes
were obtained by a multistep method, involving solid-state
synthesis and scrolling the solid-state precursors.'* However,
using such a multistep process, the solid-state precursors are
not easy to be completely scrolled and large surface area
nanostructured o-MnQO, could not be obtained. Therefore, it
is still a challenge to synthesize large surface a-MnQO, thin
nanotubes via a facile one-step method.

Herein we demonstrate a facile exfoliation and scrolling
approach to fabricate «-MnO, nanotubes. We also increased
the lithium storage capacity of MnO, with nanotube structure
and large surface area, since the structure has nanosized walls
(<7 nm), which shortens the solid-state diffusion lengths for
both Li* and e™, along with mesopore channels (> 5 nm) and
large total pore volume, which efficiently enable solvated Li*
transport. In the study, aqueous tetra(n-butyl)ammonium
hydroxide (TBAOH) was added, which is considered as an
effective agent to assist the exfoliation and scrolling of layered
structure oxides.”>** We demonstrated that large surface area
o-MnQO, nanotubes could be formed from 6-MnO, nano-
flowers via the exfoliation and scrolling approach, and then
demonstrated that the as-prepared mesostructured o-MnO,
nanotubes were an effective anode material with greatly
enhanced lithium storage properties, with a reversible capacity
as high as 512 mA h g~ ! at a constant current density of
800 mA g, even after 300 cycles.

The morphologies of the MnO, samples were characterized
with increased reaction time by TEM and SEM images as
shown in Fig. la—e and Fig. S1, S27, respectively, which
indicate that the reaction time is important in terms of the
morphology. When the reaction time was less than 12 h,
flower-like MnO, nanopowders were formed, the diameter
of which grew from 150 to 300 nm with increased time.
Meanwhile, from the HRTEM image (Fig. S3f) of MnO,
nanoflowers treated with TBAOH for 12 h, it was found that
the platelets tended to be exfoliated into thinner platelets.
Further increasing the reaction time to 24 h, scrolling nano-
tubes began to form. From the HRTEM image (Fig. S4%) it
was found that the tubes were connected at their ends to form
long nanotubes. When the reaction time was longer than 48 h,
long nanotubes of around 20 nm width and several micrometers
length were observed from both TEM (Fig. le) and SEM images
(Fig. 1f and S2e, fi). HRTEM analysis (Fig. 1g and Slc¥)
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Fig. 1 Morphology evolution of MnO, from nanoflowers to nanotubes
with different reaction times: TEM images of the products obtained
for (a) 1, (b) 6, (c) 12, (d) 24 and (e) 48 h and (f) SEM after 48 h;
(g2) HRTEM image and (h) the fitted XPS spectra of Mn 2p;, for the
product at 48 h; (i) N, adsorption/desorption isotherms of products at
12 and 48 h.

provides more information about the nanotubes obtained for
48 h with nanosized walls (<7 nm), which can minimize the
solid-state diffusion lengths for both Li*™ and e~, and shows
the apparent lattice fringes of the crystal. The interlayer
distance is calculated to be 0.69 nm, which agrees with the
separation between the (110) planes of o-MnO,. X-Ray
diffraction (XRD) patterns (Fig. S5t) confirm that the nano-
flowers obtained at less than 12 h are the rhombohedral phase
of 3-MnO, (JCPDS no. 86-666) and the nanotube MnO, is
tetragonal o-MnO, (JCPDS no. 81-1947). The weak and
broad diffraction peaks from MnO, indicate the nature of
the nanocrystals.

The Mn XPS pattern of o-MnO, nanotubes (Fig. S67)
showed two peaks located at 642.0 and 653.6 eV attributable
to Mn2ps;, and Mn2p,,,, respectively, with a spin-energy
separation of 11.6 eV. The peak values are in good agreement
with those reported for Mn0O,.%* The fitted XPS spectra of
Mn 2p3; can be referenced to literature reports of 640.8 eV for
Mn?", 641.7 eV for Mn®* and 642.2 eV for Mn*",> and
demonstrate that Mn mainly exhibits 3+ and 4+ oxidation
state (Fig. 1h and S77), with a ratio of about 1:9. Further-
more, the EDS pattern (Fig. S87) indicates the presence of K
with a K/Mn atomic ratio around 0.1 in our sample, which is
also confirmed by the XPS pattern of the sample. The K*
concentration of MnO, in tunnel or layer structures has a
dramatic influence on the magnetic properties,®° as also been
found in our case and to be further studied. Based on the
results of EDS and XPS, the average oxidation state of Mn is
3.9+. Fig. S9t shows the deconvoluted O 1s spectrum, where
one sharp peak located at 529.4 eV and two broad peaks
located at 530.5 and 531.9 eV can be observed. This spectrum

Table 1 Key parameters of MOT and MOF

Sample t/h Ag/m? g7 Vplem® g7 dyy/nm
MOF 12 204 0.53 3.8
MOT 48 226 0.97 7.8

is in good agreement with literature reports of 529.3-530.3 eV
for oxide, 530.5-531.5 eV for hydroxide, and 531.8-532.8 eV
for water,?” which indicates the existence of non-lattice oxygen
from water.”

The surface area (A4;) of MnO, nanoflowers with short 12 h
reaction time (¢) (MOF-12) and MnO, nanotubes with long
48 h reaction time (MOT-48) were investigated using nitrogen
adsorption—desorption isotherms (Fig. 1i). The isotherms were
identified as type H3,?® which were characteristic of meso-
porous materials, and the Brunauer—-Emmett—Teller (BET)
specific surface areas for MOF-12 and MOT-48 were 204
and 226 m> g~!, respectively. The pore size distribution of
MOF-12 was below 4 nm and that of MOT-48 was at around
8 nm (Fig. S101), which was in good agreement with the inner
diameter measured by HRTEM (Fig. 1g). The N, sorption
measurement also confirmed that the total pore volume (V)
and average pore size (d,,) of the particles increase with
increasing reaction time (Table 1).

To clarify the formation of a-MnO, nanotubes and the
effect of TBAOH, the reaction without TBAOH was con-
ducted. After 48 h large MnO, microflowers were obtained of
the rhombohedral phase of 6-MnO, (JCPDS no. 86-666) and
no nanotubes were found (Fig. S11 and S127). Fig. 2 illustrates
the formation of ®-MnO, nanotubes. In this synthesis,
6-MnO, flowerlike particles composed with sheets were first
obtained. These sheets were then exfoliated by the effect of the
TBAOH, transformed irreversibly into a-MnO, tubes, and
then connected with other tubes by their ends to form long
tubules. For the layered 8-MnO,, this consists of 2D edge-
shared MnOg octahedra layers with K" cations and water
in the interlayer space. Then, TBA™, which enter into the
interlayer space and substituted part of the K™ and water,
cause MnOyg octahedra layers to exfoliate from other layers
and form o-MnQO; nanotubes with 2 x 2 tunnels by scrolling
chiefly in the [001] direction, which was in accord with
HRTEM images, accompanied with bond-breaking, re-bonding,

8-MnO, nanoflower

@-MnO, nanotube

MnO, octahedra
MnO, octahedra layer ¢

- TBA* ek

Fig. 2 Scheme of evolution from nanoflower to nanotube MnO, via
an exfoliation and self-scrolling process.
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Fig. 3 Variation in discharge capacity vs. (a) cycles and (b) the last
20 cycles of MOT at different current densities of 200 and 800 mA g™ ',
and that of MOF at a current density of 200 mA g~ '.

and new generation of bonds. The tubular conformation
allows the anionic surfaces of the sheets to aggregate around
TBA ", in an entropy-driven process, that leads to the dramatic
morphological change and significant increase in the surface
area of the nanoparticles.?>?

The electrochemical lithium storage capability of nanotube
MnOQO, as potential anode materials for lithium-ion batteries
was then evaluated. The charge—discharge voltage profiles of
MOT-48 at constant current densities of 200 and 800 mA g~
and that of MOF-12 at a constant current density of 200 mA g~
are shown in Fig. S131, respectively. A distinct voltage plateau
at 0.4 V is the typical characteristic of MnO,.% Fig. 3 shows the
cycling performance of MOT and MOF samples. While both
MOT and MOF showed a high discharge capacity for the first
cycle, MOT exhibited an improved cycling capacity retention
compared to MOF and other reported MnO, nanoparticles.'”
The irreversible capacity in the first few cycles could be mainly
due to the partially irreversible MnO, conversion reaction
with Li, escape of water, and the formation of the solid
electrolyte interface (SEI) in the first few lithiation and
delithiation cycles.?” Despite these factors, after 50 cycles at
a high current density of 800 mA g~!, the phase of MOT was
still the tetragonal phase of a-MnQO,, though the morphology
of the nanotubes was shortened (Fig. S147). Fig. 3b shows that
the reversible capacity was still stable after hundreds of cycles.
After 300 charge—discharge cycles, a reversible capacity of
618 mA h g~" at a constant current density of 200 mA g~' can
be retained by MOT, which is higher than that of MOF
(510 mA h g ') and the theoretical capacity of graphite of
372 mA h g~'3° Furthermore, at a high current density of
800 mA g~ ! for 300 cycles, a reversible capacity of 512 mA h g~!
can be still retained by MOT. With the similarity in large
specific surface area taken into consideration, it is reasonable
to attribute the better capacity retention of MOT to its higher
degree of mesopore channels and larger total pore volume
than that of MOF, 1D nanotube morphology, and its 2 x 2
tunnel structure, which decreased the effective diffusion path
and increased the effective space for insertion and extraction
of Li.

In summary, «-MnO, nanotubes with large surface area
were synthesized under hydrothermal conditions via an inter-
esting exfoliation and scrolling process. For this process,
the addition of TBAOH and the reaction time are important.
The as-synthesized a-MnO, nanotubes exhibit a high perfor-
mance at high constant current density for lithium ion
batteries, providing reversible capacities of 618 mA h g~ at a
current density of 200 mA g~ 'and 512mA h g~ at 800 mA g~!

after 300 cycles, respectively. This kind of material will
probably have potential applications in chemical power
sources, sensors, and other nanodevices.
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