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Synthesis, coating, and morphogenesis of conductive polymers
were achieved on a variety of substrates through spontaneous
generation of activated monomer vapors under ambient pressure
and low temperature conditions. The present approach facilitates
the generation of complex hierarchical morphologies and the
conductive coating for improvement of electrochemical properties.

Morphologies of materials are significant for their wide range
of applications." Exploration of new methodologies is required
to achieve fine tuning of morphologies in organic and inorganic
materials. Morphologies of crystals from nanoscopic to macro-
scopic scales can be controlled by tuning the growth conditions.>
Design, synthesis, and self-assembly of functional organic mole-
cules have been widely studied to generate the organized struc-
tures with controlled arrangement and orientation.> However, the
hierarchical morphology control of polymer materials, particularly
in conductive polymers, has not been fully explored in previous
studies.*” Here we focus on morphologies of conductive polymer
materials from nanometer to millimeter scales. In general, it is not
so easy to control polymerization reactions and morphogenesis
simultaneously in the solution processes. In the present study, we
have developed an approach for solvent-free synthesis, coating,
and morphogenesis of conductive polymers through spontaneous
generation of the activated monomers under ambient pressure
and low temperature.

Coating and casting of materials with the assistance of
templates are used for the morphogenesis in a wide range of
length scales.” Morphologies of conductive polymer materials
have been controlled by using templates.’® Self-assembled
molecules are used as molecular templates.® Host materials
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with nanospace, such as porous materials, are used for the
morphology control at the nanoscale.” We developed a method
for the hierarchical morphology replication from the original
materials to conductive polymers by means of mesocrystals.®
However, the morphological variety was limited to the combi-
nations of templates and polymers. If coating and casting of
conductive polymers are achieved on a variety of substrates
including templates, the morphological variety can be expanded.
Therefore, we focused on a solvent-free approach for coating
and casting of conductive polymers by using the monomer
vapors and the oxidant crystals under ambient pressure and
low temperature.

Vapor-phase polymerization was performed in a couple of
systems. Polyethylene and polypropylene were produced on an
industrial scale from the monomer vapors in contact with a
powder of the catalyst.” If conductive polymers are synthesized
from the vapors of the monomers, the coating and casting on a
variety of substrates including templates can be achieved by the
diffusion of the monomer vapors. Previous studies showed the
synthesis of conductive polymers from the monomer vapors.'®™?
The vacuum deposition of the monomers and their polymeriza-
tion were performed on a clean crystal surface.’® The oxidative
chemical vapor deposition provided the conductive polymers
from vapors of both the monomers and the oxidative agents on
a variety of substrates."" However, these methods were per-
formed under vacuum conditions using specific equipment.
In the vapor phase polymerization approaches,'* the diffusion of
monomer vapors into a polymer matrix containing an oxidative
agent led to the formation of the composites consisting of the
matrix and the conductive polymer. The initial coating of
oxidants is required for the polymer deposition prior to the
exposure to the monomer vapors. In our present approach,
both the initial coating of the oxidants and the vacuum condi-
tions are not needed for synthesis, coating, and morphogenesis
of conductive polymer materials. The activated monomer
vapors were spontaneously generated from the original mono-
mer vapors in contact with the oxidant crystals. Therefore, the
polymerization and coating proceeded spontaneously on a
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variety of unmodified bare substrates under ambient pressure
and low temperature conditions. In a previous work, the
designed and synthesized unstable monomer vapors facilitated
the deposition of a conductive polymer.*® In the present study, the
spontaneous generation of the activated monomers facilitated the
synthesis, coating, and morphogenesis of conductive polymers
under ambient pressure and low temperature conditions.

Fig. 1 shows the experimental setup and the results. The
powder of the oxidant crystals and the neat liquid of the
monomers were separately placed in a sample bottle (Fig. 1a).
For example, pyrrole (Py, C,H;N) and copper(u) nitrate tri-
hydrate (Cu(NOj3),-3H,0) were adopted as the monomer and
the oxidant crystals, respectively. The reaction was started at
60 °C after sealing the sample bottle. The color of the oxidant
crystals changed to black. The color change suggested the
formation of the polymerized materials on the crystals. More-
over, the polymerized materials black in color were observed on
the walls of the sample bottle (Fig. 1b-d). Therefore, the sub-
strates, such as a glass slide and a single crystal of alkali
halides, were put in the sample bottle to study the deposition
behavior (Fig. 1a). The polymerized materials black in color were
deposited on these substrates. A flat film 200 nm in thickness
was observed throughout the single crystal of potassium bromide
(KBr) after deposition for 12 h (Fig. 1e and f). After deposition for
60 h, a textured morphology consisting of a wrinkled film 800 nm
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Fig. 1 Synthesis and coating of PPy on the substrates in the presence of
Cu(NO3),-3H,0. (a) The schematic illustration of the experimental setup.
(b—d) The time-course observations of the sample bottle at 0 h (b), 2 h (c),
and 24 h (d). (e) KBr crystal as a substrate before polymerization (upper
panel) and its optical microscopy (OM) images (bottom panel). (f, g) The
surface OM images (upper panels) and the cross-sectional FESEM images
(bottom panels) of PPy deposited on a KBr single crystal substrate after the
reaction for 12 h (f) and 60 h (g). (h) FT-IR spectrum of the PPy formed on a
KBr crystal. The peaks of FT-IR spectrum are assigned to the following
vibrations of PPy: C—H in-ring out-of-plane bending (A), C—C stretching
(B), C-C in-ring stretching (C), C—H stretching (D), and N—H stretching (E).
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in thickness was obtained throughout the substrate (Fig. 1g). The
resultant films were assigned to PPy by Fourier-transform infra-
red (FT-IR) spectroscopy (Fig. 1h). The results imply that con-
ductive polymers, such as PPy, can be synthesized and coated on
substrates by the present solvent-free approach from the mono-
mer vapors in the presence of oxidant crystals.

The oxidant crystals, substrates, and monomers were changed
to study the polymerization and coating behavior. The thickness
of the films was increased with an increase in the deposition time
(Fig. 2). The deposition rate of PPy was increased upon changing
the oxidant crystal from Cu(NOs3),-3H,0 to iron(m) nitrate non-
ahydrate (Fe(NO3),-9H,0) (Fig. 2). When other copper salts were
used as the reference, polymerization and coating were not
observed on the substrates (Fig. S1 in the ESIt). The deposition
rate and the morphology variation of PPy were not influenced by
changing the substrate from a KBr single crystal to a glass slide
(Fig. 2 and Fig. S1 in the ESI{). The PPy flat films were formed on
different substrates, such as single crystals of silicon (Si) and
potassium chloride (KCl). In contrast, the wrinkled films showed
a variety of patterned morphologies depending on the substrates
(Fig. S2 in the ESIt). The formation process of the PPy films
was observed by field emission scanning electron microscopy
(FESEM) and field emission transmission electron microscopy
(FETEM) (Fig. S3 in the ESIf). At the initial stage of the
deposition, the nanoparticles were observed on the flat film.
The size of the nanoparticles increased with an increase in the
deposition time. The film thickness increased with the growth
of the nanoparticles. A further increase in the reaction time
induced the formation of the wrinkled films (Fig. 1g). The
wrinkles of the films were induced by the internal stress with
an increase in the particle size (Fig. S2 in the ESIt). The poly-
(3,4-ethylenedioxythiophene) (PEDOT) films were obtained by
changing the monomer from Py to 3,4-ethylenedioxythiophene
(EDOT) (Fig. S4 in the ESIT). The thickness of the PEDOT films
was controlled by the reaction time. In contrast, the polymer
films of poly(3-hexylthiophene) (P3HT) and polythiophene (PTp)
were not formed on the substrates by the present approach.

The conductive polymers, such as PPy and PEDOT, were
deposited not only on the crystal surface of the oxidants but
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Fig. 2 Relationship between the deposition time and the film thickness
for coating of PPy in the presence of Cu(NO3),-3H,0O (a) and Fe(NOx3),-
9H,0O (b) on glass (the circles and diamonds) and KBr (the triangles and
squares) substrates. The opened and filled symbols represent the flat and
wrinkled films, respectively.
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also on the separately-placed substrates, although the neat
liquid of the monomers and the crystals of the oxidative agents
were separately placed in the sample bottle. In the vapor phase,
the presence of pyrrole (Py) monomer and nitropyrrole (Py-NO,)
was detected by gas chromatography mass spectroscopy
(GC-MS) (Fig. S5 in the ESIT). The spontaneous generation of
the activated monomers, namely nitropyrrole (Py-NO,) plays an
important role in the polymerization in the present approach
(Fig. S6 in the ESIt). The diffusion and adsorption of these
monomer vapors initiate the polymerization on the substrates.
The polymerization and coating mechanisms were studied by
the formation of PPy in the presence of Cu(NOs),-3H,0 as the
model case. The oxidative polymerization of Py proceeds on the
crystal surface with the reduction of the copper ions in the oxidant
crystal (Fig. S7 in the ESIt). Simultaneously, the nitrate is elimi-
nated from the copper-related compounds. In the resultant PPy
films, the presence of copper-related compounds was not detected
by energy dispersive X-ray (EDX) analysis (Fig. S8 in the ESI}).
These results imply that the spontaneous generation of Py-NO,
induced the synthesis and coating of PPy on the substrates and
walls (Fig. S5 and S6 in the ESIt). Therefore, the volatile and
activatable heteroaromatic monomers are required for the present
approach. The oxidant crystals consisting of a reducible metal
cation and an anion as an electron withdrawing group are suitable
for the promotion of the reaction and polymerization.

If the polymers are coated in the pore spaces of template
materials by the present approach, the casting and the sub-
sequent morphology replication can be achieved. The substrate
was changed to a one with a complex hierarchical morphology
from nanoscopic to macroscopic scales. A sea urchin spine was
adopted as a model of the template. The hierarchical morphology
of a sea urchin spine was replicated to PPy (Fig. 3). A sea urchin
spine has hierarchically organized structures consisting of
magnesium-doped calcium carbonate (calcite).’* The spicular
shape consisted of the sponge structure at the micrometer scale
(Fig. 3a and b). The sponge skeletal body has a mesocrystal
structure consisting of the oriented nanocrystals 20-50 nm in
size (Fig. 3b and c)."* A sea urchin spine was set as a substrate in

—

Fig. 3 Morphology replication through the casting by PPy. (a—c) FESEM images
of the original sea urchin spine. (d—g) FESEM (d—f) and FETEM (g) images of the
replicated architecture after the dissolution of the original calcite.
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the sample bottle. The composite of the calcite and PPy was
obtained after reaction for 60 h (Fig. S9 in the ESIf). The
polymerization and coating proceeded not in the pores of the
micrometer-scale sponge but in the skeletal body consisting of
the nanocrystals. A hierarchical morphology of PPy was obtained
after the dissolution of the original calcite by hydrochloric acid
(Fig. 3d-g). The replicated PPy showed the micrometer-scale
sponge structure (Fig. 3d and e). The flat surface without a grain
boundary can be observed in the magnified image (Fig. 3f). The
assembly of the PPy sheets can be observed in the FETEM image
(Fig. 3g). The monomers were supplied from the vapor to the
nanospace of mesocrystals. The polymerization and coating
started from the crystal surface in the nanospace.® As the reaction
time increased, the nanospace was filled with PPy. The morphology
replication was achieved by casting. If the substrates have the
hierarchical structures with both the macroscopic morphologies
and the nanospace, the morphogenesis of conductive polymers can
be achieved by the present approach.

The present technique was applied to conductive coating of
an electrode active material for lithium-ion batteries (Fig. 4). In
general, a conductive coating on an active material contributes
to the improvement of the electrochemical performances as
follows: formation of conductive passes for electrons with
permeability of lithium ions, shortening of the electron trans-
portation length with a decrease in the grain boundary, the
improvement of the chemical stability during the reactions,
and inhibition of the grain growth in the thermal treatment.">*
Lithium titanate with the spinel structure (Li;TisO;,), as an anode
active material, was used to study the effect of the conductive
coating. The powder of commercial Li,TisO;, nanocrystals
20-100 nm in size was set as a substrate with a neat liquid of
Py and Fe(NOj3),-9H,0. The PPy coating was performed on the
Li,TisO4, nanocrystals for 3 h. The thin amorphous layer 1 nm
in thickness was partially formed on the nanocrystals (Fig. S10 in
the ESIt). The content of the PPy was estimated to be 1.7 wt% in
the composite (Fig. S10 in the ESIt). PPy was partially coated
on the surface of the Li,TisO,, nanocrystals. The charge-discharge
reactions were performed on the PPy-coated Li,TisO;, nanocrystals
in the potential range of 1.0-2.7 V (versus Li/Li"). The typical
charge-discharge curves of Li,TisO;, with the plateaus at
1.5 V vs. Li/Li* were observed (Fig. 4a)."® After the PPy coating,
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Fig. 4 Conductive coating on LisTisO1, nanocrystals, an electrode active
material for lithium-ion battery. (a) Charge—discharge curves of the com-
mercial nanocrystals (dashed lines) and the PPy-coated one (solid lines) at
the current density of 0.2 C and 5 C (1 C = 0.175 A g73). (b) Relationship
between the current density and the specific capacity of the commercial
nanocrystals (squares) and the PPy-coated one (circles).
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the overpotential on the charge and discharge reactions, corre-
sponding to the deviations of the potentials from 1.5 V vs. Li/Li",
was decreased. The current density of the charge and discharge
reactions was increased from 0.2 C to 50 C (1 C = 0.175 A g ).
The PPy-coated Li,TisO;, nanocrystals showed improved specific
capacity at a higher current density (Fig. 4b). A partial coating on
the surface of the Li,TisO;, nanocrystals facilitates the improved
electron conductivity and the smooth reaction with lithium ions.
The electrochemical performances are ascribed to the improve-
ment of the electron conductivity by the PPy coating at the
nanoscale. The present technique can be used for a variety of
conductive coatings on electrode active materials.

In summary, conductive polymers consisting of pyrrole and
thiophene backbones, such as PPy and PEDOT, have been
synthesized and coated on a variety of substrates under ambient
pressure and low temperature conditions. The monomers in
contact with the oxidant crystals generate the activated mono-
mers. Therefore, the polymerization and coating spontaneously
proceed not only on the surface of the oxidant crystals but also on
the separately-placed substrates. When the substrate was chan-
ged to the hierarchically organized material, the morphology was
replicated to the conductive polymer by the casting process. The
conductive coating on the nanocrystals of an electrode active
material facilitated the improvement of the electrochemical
performances. The present approach can be applied to synthesis,
coating, and morphogenesis of a variety of conductive polymer
materials and other polymers by tuning the synthetic conditions.

This work was partially supported by a Grant-in-Aid for
Scientific Research (No. 22107010) on Innovative Areas of “Fusion
Materials (No. 2206)” from the MEXT.
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