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ABSTRACT Polyaniline spherical and cubic shells with hierarchical nanostructures were prepared by using

MnO, hollow hierarchical nanostructures with different morphologies as reactive templates in a controlled

manner. Scanning electron microscopic (SEM) and transmission electron microscopic (TEM) images reveal that

the PANI shells as-prepared are narrowly dispersed and possess uniform morphologies. Fourier transform infrared

(FT-IR) and UV —vis spectra of the hollow shells indicate that the PANI exists in the emeraldine form. Cyclic

voltammogram shows that the PANI exhibits multiple redox behavior during potentiodynamic cycling in acidic

media at potentials. This strategy developed can be extended to synthesize other conducting polymers such as

PPY shells with the similar controlled 3D hierarchical nanostructures.
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hree-dimensional hierarchical nano-

structures have great potential in

many applications such as transis-
tors, sensors, and actuators because of
their unique properties, compared with
zero-, one-, and two-dimensional
nanostructures.” > Up to now, it is a new
challenge to control self-assembly of micro-
and nanostructures with 3D hierarchy for
new material synthesis and device fabrica-
tion.°

As an important conductive conjugated

polymer, polyaniline (PANI) has drawn con-
siderable attention because of its chemical
and physical properties, which are relative
to its oxidation and protonation state.”®
Various PANI micro- and nanostructures
have been synthesized by different
methods.’3° Recently, Wan and co-
workers have prepared a hollow octahedral
structure of PANI using crystal-reductive
Cu,0 as a template that was dissolved in
the oxidative environment during synthe-
sis.®! They also reported on conductive and
superhydrophobic rambutan-like hollow
spheres of PANI prepared by a self-assembly
method in the presence of perfluorooctane
sulfonic acid (PFOSA).>? When aiming for
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controlled PANI three-dimensional nano-
structures, the need to use removable “soft
templates” poses a challenging problem.3?
Herein, we report that the spherical and
cubic PANI shells with hierarchical nano-
structures can be fabricated by using 3D
MnO, hollow shells as reactive templates.
Figure 1 demonstrates the schematic illus-
tration of the controlled synthesis of PANI
shells. The templates as-used were oxida-
tive manganese oxide spherical and cubic
shells with hierarchical nanostructures,®*
which shaped the PANI microstructures and
acted as a chemical oxidative initiator for
aniline polymerization at the same time.
This strategy causes the templates to be re-
moved spontaneously after the reaction be-
cause manganese oxide can be reduced by
aniline monomer into soluble Mn?* in acidic
environment, which can be removed from
the matrices of PANI by deionized water
through centrifugation. Therefore, one of
advantages by the strategy above is that
there is no need to wash the templates be-
fore use. The chemical structure of the final
product is identical to emeraldine synthe-
sized by using a conventional oxidant
in the presence of sulfide acid.

Aniline
MnO2 —— PANI
H2S04

Figure 1. Schematic illustration of the synthe-
sized PANI spherical and cubic shells by using
the MnO, spherical and cubic shells as oxidants,
respectively.
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Figure 2. SEM images of (a) PANI spherical shells; (b) a se-
lected single PANI spherical shell, and the inset is higher-
magnification of a single PANI shell; (c) PANI nanoparticles
as-prepared without removal of the MnCO; cores; (d) TEM
image of PANI shells.

RESULTS AND DISCUSSION

As shown in Figure 2a,b, the diameter of PANI
spherical shells as-obtained is about 4—5 pwm, which is
near that of the MnO, precursor (Figure S1a in the Sup-
porting Information). The shells are of hierarchical
nanostructures composed of nanoparticles, and the av-
erage diameter of nanoparticles is about 100 nm. The
shells are full of cockles, perhaps because of the reac-
tive template of MnO, without good crys-

est unoccupied energy level, which is similar to that re-
ported previously.***' Moreover, the strong peak at
about 750 nm from the 7—* transition, with a free car-
rier tail extending into the near-infrared region, is ob-
served, indicating that the hollow hierarchical shells are
identical to the doped state of PANI.*2

Figure 3c shows the XPS results for the PANI hollow
microspheres. It exhibits that the PANI spherical shells
are mainly composed of C, N, S, and O without the con-
tribution of Mn. C and N are offered by polyaniline. S
and O are attributed to sulfate anion which doped PANI.
It indicated that the MnO, precursor has been reduced
into dissolvable Mn?* by aniline monomer during the
relevant reaction (CgH;N + MnO, + H" — PANI + Mn?"
+ H,0), and Mn?* can be removed completely from
the matrices of PANI by deionized water through cen-
trifugation. In detail, the N1s core-level spectrum in Fig-
ure 3d shows that it is almost identical to those of the
doped PANI. The doping level calculated by N*/N ratio
is about 0.3.

PANI exhibits multiple redox behavior during poten-
tiodynamic cycling in acidic media at potentials. It is
generally accepted that redox processes are accompa-

talline.3” If PANI was prepared directly
with MnCO;@MnO, composite, PANI
nanoparticles obtained were aggregating,
shown in Figure 2c. It is supposed that, in
the presence of H,SO,, the MnCO; core
can be reacted into CO, gas quickly, which
breaks the formation of the spherical mi-
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shown in Figure 3a. The characteristic ©
peaks at 1566 and 1494 cm™ are due to

the stretching vibration of the quinoid ring
and the benzenoid ring, respectively.3¢ 32
The bands at 1295 and 1244 cm ™' can be
assigned to C—H stretching vibration with
aromatic conjugation.?®>° The absorption
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peak near 1141 cm™" results from the
N—Q—N (Q denotes quinoid ring) stretch-
ing mode and is an indication of electron
delocalization in PANL.*® Furthermore, the
color of the hollow spheres is green (Fig-
ure S2 in the Supporting Information),
showing that the PANI as-prepared is the
conductive emeraldine salt. It can be fur-
ther supported by the relevant UV—vis ab-
sorption spectrum. As shown in Figure
3b, the UV—vis spectrum has the charac-
teristic absorption peak centered about
452 nm originating from the charge-
transfer excitation-like transition from the
highest occupied energy level to the low-
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Figure 3. (a) FTIR spectrum of the PANI hollow shells; (b) UV—vis spectrum of the PANI hol-
low shells dispersed in ethanol; (c) XPS results of PANI hollow shells; (d) XPS core-level N1s
spectrum of the PANI hollow shells; (e) cyclic voltammograms of PANI/GCE electrode at the
scan rate of 50 mV s~' in 0.5 M of H,SO,.
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Figure 4. (a) Low-magnification SEM image of PANI cubic shells with
3D nanostructure, and the inset is the higher-magnification SEM image
of the surface of the product as-prepared; (b) TEM image of PANI cubic
shells.

nied by structural transformations by the doping and
undoping of protons and anions.*® Each transformation
is characterized by a current peak on the cyclic voltam-
mogram. The voltammogram for the PANI/GCE elec-
trode in 0.5 M H,SO, recorded at 50 mV s~ is shown
in Figure 3e. The oxidation current peak at 0.10 V is due
to the transformation of PANI from the leucoemeral-
dine state (LM) to the emeraldine state (EM). The oxida-
tion peak at 0.75 V is less intense due to the transforma-
tion of the EM state to the pernigraniline state (PE).
The obtained PANI exhibits high conductivity in the po-
tential region between the transitions of LM/EM and
the EM/PE.

When MnO, microcubes were used as oxidant to
synthesize PANI nanostructures, PANI hierarchical cu-
bic shells could be obtained by the same strategy. As
shown in Figure 4a, the diameter of the cubic shells
with hierarchical nanostructure is about 5 pwm, which
are composed of nanoparticles with the diameter of
about 50 nm. Compared with the SEM image of the
MnO, template as-prepared (Figure S1b in the Support-
ing Information), there still is original morphology after
the reactions. The TEM image in Figure 4b shows that
the narrowly dispersed microparticles are hollow
cubes. The dispersion of PANI cubic shells has a color
of light blue (Figure S2 in the Supporting Information).

The synthesized MnO, hollow shells can have differ-
ent thicknesses by changing the reactive ratios of KM-
nO, to MnCO;.3* Similarly, MnO, microcubes with differ-

EXPERIMENTS

Preparation of Mn0, Hollow Microspheres and Microcubes: First of all,
MnCO3;@MnO, microspheres and microcubes were prepared
by mixing different quantities of 0.032 M of KMnO, (Beijing
Chemical Reagent Ltd., China) with the solid MnCOs crystals
with different morphologies.>* In detail, in the preparation
of MnCO3;@MnO;, microspheres, the molar ratio of KMnO,/
MnCOs3 was 1:50. In the fabrication of MNCO;@MnO, mi-
crocubes with different thicknesses, the molar ratios of
KMnO,/MnCOs are 1:100, 1:50, and 1:25. After the removal
of the MnCOj3 core by HCI (Beijing Chemical Reagent Ltd.,
China), MnO; hollow microspheres and microcubes were ob-
tained after centrifugation and washed several times by ul-
trapure water with a resistivity of 18.2 MQ - cm. As shown in
Figure S1 in the Supporting Information, the morphologies of
the MnO, precursors with hollow hierarchical nanostruc-
tures are similar to those reported previously.>*
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ent shell thicknesses can be prepared. It is found that,
if the reaction occurs with aniline monomer in the pres-
ence of H,S0,, the thicknesses of MnO, hollow shell
have an influence on the morphologies of the product
as-prepared. Particularly, in the present work, as MnO,
microcubes with different shell thicknesses change the
reactive ratios of KMnO, to MnCO;, the synthesized
PANI cubic shells will have the different folds as well
(Figure S3 in the Supporting Information).

The above method can be extended to synthesize
other 3D hierarchical nanostructured materials. For in-
stance, polypyrrolidine (PPY) spherical and cubic shells
could be prepared as well by mixing MnO, hollow mi-
crospheres and microcubes with the pyrrolidine with
the assistance of H,SO, (Figures S2 and S4 in the Sup-
porting Information). Compared with the morphologies
of MnO, and PANI as-prepared, PPY has the similar
microstructures.

Furthermore, MnO, can be used as an oxidant to oxi-
dize the monomer of conductive polymers because of
its high redox electropotential in an acid environment
(MnO, + 4H" +2e — Mn?* + 2H,0 (F° = 1.2V)).>** On
the basis of the above investigation, it is thus suggested
that using the different morphological MnO, as reac-
tive templates hollow shells with the different 3D mor-
phologies can be prepared, which will show strong po-
tential for shape controlling.

CONCLUSION

In summary, PANI spherical and cubic shells with hi-
erarchical nanostructures were controllably synthesized
through a reactive template method. This similar strat-
egy has been extended to prepare PPY with controlled
3D nanostructures. Such hollow shells assembled will
have potential applications in electromagnetic interfer-
ence shielding, electronic devices, and nonlinear optical
systems. This approach will find wide acceptance and
use in the field of template-directed nanostructure syn-
thesis. It may open a new way to fabricate diverse 3D
hollow nanostructures of conducting polymers with
control of morphology and properties.

Preparation of PANI and PPY Shells with 3D Hierarchical Nanostructures:
In a typical synthesis of PANI nanostructures, solution A was pre-
pared by dispersing 0.03 g of the above MnO, in 5 mL of H,O by
stirring at room temperature. Solution B was prepared by adding
500 pL of aniline monomer (Beijing Chemical Reagent Ltd., China)
into the mixed solution of 3 mL of sulfuric acid and 50 mL of water.
After cooled to room temperature, 10 mL of solution B was mixed
with solution A quickly. The reaction was carried out for 12 h. The
green solid was obtained by centrifugation and washed with water
and ethanol thoroughly to remove excess ions and monomers.
The final product was dried in vacuum at room temperature for
24 h. Polypyrrolidine shells (PPY) were prepared through a similar
route. The only difference was that aniline monomer was replaced
by pyrrolidine monomer used as received (Beijing Chemical Re-
agent Ltd., China).

Characterization: A Hitachi S-4300F scanning electron micro-
scope (SEM) was used to investigate the morphologies of the

www.acsnano.org



precursors and final products. For transmission electron micros-
copy (TEM) observation, the samples were redispersed in ethanol
by ultrasonic treatment and dropped on carbon—copper grids.
TEM images were collected by using a JEOL JEM 1011 F micro-
scope working at 100 kV. Fourier transform infrared (FTIR) spec-
trum was measured on a Bruker Tensor 27 spectrophotometer
using KBr pressed disks. A Hitachi U-3010 spectrophotometer
was used to record the UV—vis spectrum of the product. X-ray
photoelectron spectroscopy (XPS, VG ESCA-LAB 220i-XL) was
performed to investigate the chemical bonding configurations
of the sample. The working electrode of PANI-deposited glass
carbon electrode with a geometric area of about 0.72 cm?

was placed symmetrically between two auxiliary platinum foil
electrodes in a glass cell of about 30 cm? of capacity. Ag/AgCl
(saturated KCI) electrode was used as the reference electrode,
and electrode potentials are reported against this electrode. The
working electrode was treated in concentrated H,SO,, washed
thoroughly, and subjected to repeated potential scanning in 0.5
M of H,SOy, in the potential range from —0.2 to 1.2 V until the re-
sulting voltammograms were reproducible. The PANI/GCE elec-
trode was washed thoroughly in 0.5 M of H,S0, and was then
subjected to cyclic voltammetry at 50 mV s~" in 0.5 M of H,SO,.
Cyclic voltammetry was performed with a CHI 440 Electrochemi-
cal Workstation (from Shanghai Chenhua Corporation). All ex-
periments were carried out at 20 = 1 °C.
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