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Orientation-controlled 2D and 3D microarrays of MnzO4; nano-
cuboids that were mediated by a conductive polymer were fabri-
cated by evaporation-induced self-assembly of the oxide
nanoblocks and subsequent polymerization of pyrrole in the inter-
particle spaces. Free-standing mesoporous polypyrroles (PPy)
having chain- and square-grid-like nanovoid arrays were obtained
as replicas of the composite assemblies by dissolving the oxide
nanoblocks. The PPy-mediated manganese oxide arrays exhibited
stable electrochemical performance as an ultrathin anode of a
lithium-ion secondary battery.

Introduction

A wide variety of nanoscale crystals, such as nanospheres,
nanorods, and nanosheets, have been produced as building
blocks of hierarchical architectures."™ The well-ordered
arrangements of monodisperse nanocrystals were formed from
dispersion through an evaporation-induced assembly
process.”” Notably, cube-shaped nanocrystals that are covered
with amphiphilic molecules tend to assemble in the same crys-
tallographic direction as a single crystal.*** Recently, 1D, 2D,
and 3D microarrays have been achieved by controlling the
direction and dimension of the self-assembly of rectangular
nanoblocks."*"® The well-aligned ensembles of inorganic
nanocrystals often exhibit interesting collective properties that
are different from those displayed by individual nanocrystals
and bulky large crystals.">"” Moreover, a combination of in-
organic microarrays and organic polymers could provide fasci-
nating functions. However, fabrication of the composite
structures has not been reported. In the current study, we
achieved 2D and 3D arrays of metal oxide nanoblocks
mediated by a conductive polymer (Scheme 1).
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Scheme 1 Fabrication processes of ordered arrays of PPy-mediated
Mnz0O4 nanoblocks and their mesoporous PPy replicas having closed
nanovoids.

The self-assembled nanospheres have been used as tem-
plates to produce elaborate porous replicas. Several replicas
with hierarchical architectures and periodic macropores were
fabricated by the introduction of polymers, oxides, or metals
into the interparticle spaces and subsequent removal of the
templates.'®>* However, the size of the ordered voids prepared
in the previous studies was larger than several hundreds of
nanometers.'®>* The highly ordered arrays consisting of rec-
tangular nanoblocks are expected to be deformable templates
for the fabrication of aligned voids several tens of nanometers
in size. Here, we prepared nanovoid arrays of a conductive
polymer using the well-ordered arrays of metal oxide nano-
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blocks. The mesoporous replicas were produced through dis-
solution of the nanoblocks from the ordered arrays combined
with the polymer (Scheme 1).

In the current work, we focused on fabrication of the com-
posite arrays consisting of polypyrrole (PPy)-mediated Mn;O,
nanocuboids. Manganese oxides have attracted much atten-
tion from a number of researchers as excellent electrode
materials for manganese batteries, supercapacitors, and
lithium-ion secondary batteries.>*” However, their low electri-
cal conductivity and poor durability have interfered with their
use as electrodes. Nanostructured electrodes have been widely
expected to solve the problems described above because the
nanoscale units can achieve short pathway distances for the
transport of electrons and lithium ions.*®* ! Coating a conduc-
tive layer of carbon and polymers on the oxide surface was uti-
lized to increase the electrical conductivity.>*® Here, the
control of the self-assembly process of Mn;O, rectangular
nanoblocks has been applied to the design of appropriate
nanostructures for electrode active materials. Moreover, the
Mn;0, nanocrystals arranged on a substrate were coated with
PPy on a nanometric scale through polymerization of pyrrole
at the air-solid interphase.*® The electrochemical character-
istics of ultrathin electrodes consisting of the PPy-mediated
arrays of the nanoblocks were evaluated as lithium-ion battery
anodes.

Experimental section
Synthesis of Mn;0, rectangular nanoblocks

We prepared truncated Mn;O, nanocuboids through a liquid-
liquid two-phase (water and toluene) solvothermal method."’
0.60 mmol manganese(u) chloride and 35 wt% hydrogen per-
oxide (4 cm®) were dissolved in 31 cm® of water in a 100 cm®
Teflon container. Oleic acid (3.97 mmol) and tert-butylamine
(2.31 mmol) were added into 30 cm® toluene. The organic
mixture was added to the Teflon container without stirring. At
this time, oxygen gas was generated through decomposition
of hydrogen peroxide. When the generation of oxygen gas
roughly stopped, the Teflon container was put into a stain-
less steel autoclave. The autoclave was heated at 115 °C for
12 h. After the reaction, the resultant dark brown liquid on
the aqueous phase was transferred into a glass vial. A
copper grid covered with a collodion film was placed on a
piece of filter paper. A drop of the resultant dispersion was
placed on the grid. After the excess medium of the dis-
persion was absorbed by the filter paper, the nanoblocks
were deposited on the grid. Morphologies of nanocrystals
were characterized by the transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and fast Fourier
transform (FFT) profiles using an FEI Tecnai-F20. The resul-
tant dispersion and an equal amount of ethanol were mixed
and then centrifuged at 13500 rpm for 5 min. The precipi-
tates were used for the powder X-ray diffraction (XRD)
measurement (Rigaku MiniFlex II).
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Fabrication and characterization of ordered arrays consisting
of Mn;0, rectangular nanoblocks

The resultant dispersion of Mn;0, nanoblocks was centrifuged
at 13 500 rpm for 5 min. The precipitates were redispersed into
a hexane-toluene mixture (1:1 in volume) or toluene in a
6 cm® vial by ultrasonication for 30 min. The volume of the
dispersions was 0.5 cm®. The particle concentration was
adjusted to 2.8 x 10™" g dm™ (2D arrays) or 5.6 x 10" g dm™>
(3D arrays). A silicon substrate (7 mm x 16 mm) treated with
acetone by ultrasonication for 30 min was put in the dis-
persion in the vial. The dispersion spreads on the substrate by
its surface tension. The dispersion medium was evaporated at
room temperature. When the drying was completed, the
morphologies of the products were observed via scanning
electron microscopy (SEM) using an FEI-Sirion.

Fabrication and characterization of PPy-mediated arrays of
Mn;0, nanoblocks and their porous PPy replicas

The powder of 240 mg iron(m) nitrate nonahydrate (Fe(NO3);-
9H,0), the neat liquid of 1 cm® pyrrole (C,H;N), and the
ordered arrays of Mn;O, nanoblocks deposited on the sub-
strate were separately placed in a glass bottle. The glass bottle
was covered with a container slightly larger than the bottle to
prevent leaking of pyrrole vapor. After sealing the sample
bottle and container, the container was heated at 60 °C for
3 h. After the reaction, the color of the walls of the sample
bottle and the substrate changed to black. PPy-mediated arrays
of Mn;0,4 nanoblocks formed on the substrate were peeled off
by immersing the black substrate in 0.5 cm® ethanol by ultra-
sonication for 10 min. Porous PPy films were fabricated by
immersing the black substrate in 0.5 cm® hydrochloric acid
(dilute HCI, 2 mol dm™®) by ultrasonication for 1 h. A copper
grid was immersed in the dispersion of PPy films. After remov-
ing the grid from the dispersion, the excess liquid adhering to
the grid was absorbed by a filter paper. The morphologies and
composition of the products deposited on the grid were
characterized by TEM and Energy-dispersive X-ray (EDX) ana-
lyses. Fourier transform infrared (FTIR) spectra were obtained
by using a Jasco FT/IR-4200. Commercial PPy powder (Aldrich)
was used as a reference.

Electrochemical characterization of ordered arrays of Mn;0,
nanoblocks and PPy-mediated arrays of Mn;0, nanoblocks

The electrochemical performance was measured with a beaker-
type three-electrode cell. The working electrode was ordered
arrays of Mn;O, nanoblocks or PPy-mediated arrays of Mn;0,
fabricated on a copper substrate. A lithium metal was used for
the counter and reference electrodes on a copper mesh.
1 mol dm™? of LiClO, in ethylene carbonate and diethyl car-
bonate (1/1 volume) was used as the electrolyte. The cell was
assembled in an argon-filled glove box. Discharge-charge
measurements were performed in a potential range between
0.1 and 3.0 V vs. Li/Li" at room temperature. The current
density for the charge and discharge reactions was increased
from 0.25Cto 10 C (1 C=117 mAg ).

This journal is © The Royal Society of Chemistry 2015
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Results and discussion

Truncated nanocuboids obtained by the two-phase solvother-
mal method were assigned to tetragonal Mn;O, by XRD analy-
sis and HRTEM images as reported in our previous work
(Fig. S11)." The resultant anisotropic nanoblocks were covered
with oleic acid molecules. The typical width and length of the
Mn;0, nanocuboids synthesized under the standard con-
ditions were ~10 nm and ~20 nm, respectively. 2D ordered
arrays of the Mn;0, rectangular nanoblocks were fabricated on
a silicon substrate from a dispersion of the cuboids by evapor-
ation of a mixed medium of toluene and hexane (1:1 in
volume). The 2D ordered structures with their a faces parallel
to the substrate were observed by SEM (Fig. 1a and b).
Adsorbed molecular layers ~3 nm thick existed between adja-
cent nanoblocks in the ordered arrays as we reported in our
previous article.'®

By the introduction of PPy into the interparticle spaces
through polymerization of the vaporized pyrrole, the polymer-
mediated 2D arrays were achieved. As reported in our previous
work, amorphous PPy was formed around nanocrystals by the
polymerization method (Fig. S21).>® We characterized the
resultant films by TEM and EDX analyses. The ordered 2D
arrays (Fig. 1c and d) similar to the original structures (Fig. 1a
and b) were observed after the polymerization. Manganese
from the oxide cuboids and nitrogen originating from PPy
were detected in the composite films (Fig. 1g, upper
spectrum).

Fig. 1h shows FTIR spectra of the Mn;O, nanoblock arrays
before and after PPy coating. Specific absorption peaks due to
PPy in FTIR spectra indicate the presence of the polymer in
the composite samples.*® Thus, the 2D ordered arrays of
Mn;0, nanocuboids were mediated by PPy. Moreover, the
absorption bands in 1500-1800 and 2800-3000 cm ™' indicate
the existence of oleic acid in the nanoblock arrays even after
the PPy coating. As shown in Fig. 1h, FTIR signals assigned to
PPy in the composites are observed to be highly broadened by
hybridization. This indicates that the framework of PPy
strongly interacts with alkyl chains of oleic acid covering
the nanoblock surface. The Py monomers penetrated into the
interparticular layer and then polymerized among the
nanoblocks.

After the Mn;0,/PPy composite films were immersed in a
dilute HCI solution, the 2D arrays remained in the films as
shown in TEM images (Fig. 1e and f). However, manganese
was not detected in the films by EDX analysis (Fig. 1g, lower
spectrum). Therefore, the porous structures of PPy consisting
of chain-like nanoscale voids were formed through dissolution
of the Mn;0, nanoblocks from the composites.

After the dissolution of Mn;O, nanoblocks, we detected
chlorine and oxygen that originated from residual HCI and
oleic acid in the PPy films, respectively.

Self-standing films of Mn;0, nanoblocks/PPy composites
and porous PPy replicas were obtained by removal of the
support substrates (Fig. 2a and b). The crystalline phase of
nanoblocks remained unaltered after the polymerization of
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Fig. 1 SEM image and schematic illustration of 2D arrays with a faces of
MnzO4 nanoblocks parallel to a substrate (a, b). TEM image and sche-
matic illustration of PPy-mediated arrays of Mn3;O,4 nanoblocks (c, d).
TEM image and schematic illustration of a PPy replica (e, f). EDX spectra
(g9) and FTIR spectra (h) of the PPy-mediated arrays of MnzO,4 nano-
blocks and the PPy replica.
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a

Fig. 2 TEM and HRTEM images of self-standing PPy-mediated arrays of
Mn3zO4 nanoblocks and FFT pattern corresponding to the lattice fringes
of a MnzO,4 nanoblock (red square region) (a). TEM images of a PPy
replica film (b).

pyrrole because the fast Fourier transform (FFT) patterns
corresponding to the lattice fringes of the nanoblocks in the
composite film were assigned to tetragonal Mn;O, (inset of
Fig. 2a).

When toluene was used as a dispersion medium, 3D arrays
with their ¢ faces of Mn;O, parallel to the substrate were
obtained (Fig. 3a and b)."

We obtained square grid patterns consisting of Mn;O,
nanocuboids. The ordered PPy-mediated 3D arrays of Mn;O,
nanoblocks with the same square grid patterns were produced
through the introduction of the polymer into interparticle
spaces (Fig. 3c, d and g). The 3D PPy replicas having square-
grid-like nanovoid arrays were produced by subsequent dis-
solution of the Mn3;0, nanocuboids (Fig. 3e, f, and g).

The charge-discharge reactions with lithium ions were per-
formed using the PPy-mediated 2D and 3D arrays of Mn;O,
nanoblocks fabricated on a copper substrate. The typical dis-
charge curves of Mn;0, were observed with the plateaus at
0.5 V (Fig. 4a). The PPy-mediated 2D arrays of Mn;O, nano-
blocks showed improved specific capacity and stable cycling
performance as compared to uncoated 2D arrays of Mn;O,
nanoblocks (Fig. 4b).

The first and second discharge capacities of the ultrathin
film electrode of 5- or 6-layered nanoblocks (3D arrays
~100 nm in thickness)/PPy composites were ~1170 mA h g~"
at a current density of 0.25 C. At a high current density (10 C),
discharge and charge capacities were over 400 mA h g”*. When
the current density was returned back to 0.25 C, the ultrathin
film electrode exhibited stable reversible capacities of around
900 mA h g™, which is close to the theoretical capacity for the
fully reversible conversion reaction. The electrochemical
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Fig. 3 SEM image and schematic illustration of 3D arrays with c faces
of MnsO4 nanoblocks parallel to a substrate (a, b). Black/white inverted
STEM images and schematic illustration of PPy-mediated arrays of
MnzO4 nanoblocks (c, d). Black/white inverted STEM images and sche-
matic illustration of a PPy replica (e, f). EDX spectra of PPy-mediated
arrays of MnzO4 nanoblocks and the PPy replica (g).

capacities of the PPy-mediated 3D arrays of Mn3;O, nanoblocks
are almost the same as that of Mn;0, particles in the conven-
tional system.”®*° The improvement is ascribed to the
enhanced electron conductivity and stabilization of the nano-
crystals on the conductive substrate in the presence of PPy that
mediates Mn3;0, nanoblocks.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Charge and discharge curves of PPy-mediated 3D arrays of
MnzO, nanoblocks fabricated on a copper substrate at the current
density of 0.25 C at 4th cycle, 2.5 C at 14th cycle, and 10 C at 19th cycle
(1 C = 117 mA g7 (a). Charge and discharge capacities of 2D ordered
arrays of MnzO4 nanoblocks (circles), PPy-mediated 2D arrays of MnzO4
nanoblocks (triangles), and PPy-mediated 3D arrays of MnszO4 nano-
blocks (squares) according to the cycle number (b). (Charge and dis-
charge capacities are represented by non-filled and filled geometric
symbols, respectively).

Conclusions

In this study, we fabricated 2D and 3D ordered arrays of
Mn;0, nanocuboids that were mediated by the conductive
polymer by the polymerization of pyrrole in interparticle
spaces. Self-standing mesoporous PPy replicas having chain-
and square-grid-like nanovoid arrays were obtained from
different types of PPy-mediated Mn;O, nanoblocks. The
dimension- and direction-controlled assembly of anisotropic
nanoblocks is useful for the deformable template to regulate
nanoscale morphologies of a wide variety of polymers. The
ultrathin anodes of PPy-mediated 3D Mn;0, nanoblock arrays
exhibited stable electrochemical performance and excellent
discharge-charge capacities for a lithium-ion battery.
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