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A porous nanostructure of FeCls prepared by a simple evaporation
process was used simultaneously as a template and oxidant to
synthesize porous nanostructured thin films of almost all major classes
of conducting polymers (CPs) and their composites.

Among the numerous polymer materials that have been inves-
tigated for organic electronics, supercapacitors, biosensors, and
electromagnetic shielding, conducting polymers (CPs) may be
the most important ones due to their unique and attractive
properties such as wide range of electrical conductivity, high
mechanical flexibility and thermal stability, and more impor-
tantly, low cost.*® For practical applications in the aforemen-
tioned fields, CPs often need to be processed into films.
However, film-forming ability of CPs is usually hindered by their
poor processability. To prepare high quality CP films, various
methods, including spin-coating,” dip-coating,® drop-coating,®
electrochemical deposition,’*™* binary system deposition,*
dilute polymerization,**** Langmuir-Blodgett technique,'® and
vapor phase polymerization,”** have been developed. Although
all of these methods can obtain CP films, only a few of them are
able to result in nanostructured film directly. In fact, nano-
structured, especially porous nanostructured CP films, are
highly desirable for various emerging applications in material
science and nanodevices because of their high specific surface
areas, which often enables a good access of ion and electron to
the active surfaces and leads to an enhanced performance.
Nevertheless, current existing methods for preparing
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nanostructured CP films, such as electrochemical deposi-
tion,**?* dilute polymerization,'*** binary system deposition,**
and soft® and hard template-assisted method,***¢ usually have
limitations ranging from limited substrate materials, time-
consumption, cost effectiveness, the use of toxic organic
solvents, reproducibility to lack of scalability. Therefore, a new
method that can circumvent these problems, at least to some
extent, is still needed.

On the other hand, from the application perspective,
CP-based nanocomposite films are probably even more impor-
tant than pure nanostructured CP films. To date, various
nanostructured CP composite films, including CP/polymer and
CP/inorganics nanocomposite films, have been prepared for
applications in supercapacitors,”>° rechargeable lithium
batteries,**?*' artificial muscles,* actuators,*® biosensors,****
organic photovoltaics®*® and organic light-emitting diodes.*”
However, to the best of our knowledge, there are no reports so
far on the preparation of porous nanostructured thin films of
CPs, CP/polymer composites and CP/inorganics composites
respectively by using only one method.

In this communication, a simple and versatile method was
developed to prepare porous nanostructured films of CPs,
CP/polymer composites and CP/inorganics composites. As
depicted in Fig. 1a, the method used porous nanostructure of
FeCl; as template, which was simply prepared by solvent evap-
oration from FeCl; solution that dropped directly on to various
substrates (step 1). Then the resulting FeCl; nanostructure
simultaneously acted as a template and oxidant to initiate the
polymerization of CP monomers.

During the reaction, FeCl; was gradually consumed and the
porous nanostructure of CP reproduced and replaced the FeCl;
nanostructure (step 2). For obtaining porous CP/polymer nano-
composite film (Fig. 1b), the step 2 should be paused after a
certain period of time, the residual FeCl; could be further used
to initiate the polymerization of another monomer, thus result-
ing in the formation of the CP/polymer nanocomposite film
(step 3). For preparing CP/inorganics nanocomposite film, as
shown in Fig. 1c, the desired inorganics could be introduced
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Fig. 1 Schematic representations for the formation of porous nano-
structured thin films of (a) CPs (step 1: evaporation of the solvent from
FeCls solution; step 2: polymerization of CP monomer). (b) CP/poly-
mer composites (step 1 and 2 are the same as above except that the
polymerization time of the step 2 is reduced to some extent, step 3:
polymerization of another monomer by the residual FeCls). (c) CP/
inorganics composites (step 1: formation of porous FeCls/inorganics
nanocomposite by evaporation of the solvent from a solution con-
taining FeCls and inorganics, step 2: formation of porous CP/inor-
ganics nanocomposite by using FeCls that contained in
FeCls/inorganics nanocomposite to oxidize CP monomer).

during the step 1 by dissolving them in the FeCl; solution. After
evaporating the solvent, porous nanostructured FeCl;/inorganics
composite film was obtained (step 2). Then the composite film
was used as template and oxidant to further oxidize the mono-
mers of CPs. With the consuming of the FeCl;, CP/inorganics
composite film was formed (step 3). Therefore, three kinds of
important CP related porous nanostructured thin films, i.e., CP
films, CP/polymer composite film, and CP/inorganics composite
film, could be prepared using this method. This versatility, plus
other obvious advantages, such as simple and cost-effective
formation process of FeCl; template, no limitation of substrate
materials, without the use of toxic organic solvent, and easy to
scale up, make this method very attractive in preparing high
quality and multifunctional CP related nanostructured thin
films for various practical applications.

It is well known that FeCl; is a commonly used oxidant for
preparing a large number of CP nanostructures.**** However, as
far as we know, there are no reports to date on using porous
FeCl; nanostructure as a CP nanomaterial template. In fact,
template-assisted synthesis is probably the most important
method for the synthesis of CP nanostuctures, but often
requires harsh reaction conditions to remove hard-templates
such as anodic aluminium oxide (AAO).>*?® In the present
work, porous nanostructured FeCl; was used as both oxidant
and template, this effect conveniently results in its simulta-
neous reduction to FeCl,, which is easily dissolved in water.
Therefore, no harsh template-removal conditions
required. Furthermore, FeCl; is cheap and easy to obtain, which
are essential features for a template that can be used only once.

Considering these factors, we suppose the nanostructured
FeCl; we prepared is a desirable template for the synthesis of
porous nanostructured thin films of CPs and CP composites.

Porous nanostructured FeCl; thin film can be formed by
evaporation of ethanol from ethanol solution of FeCl; that

were
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dropped on various substrate materials. Fig. 2a shows the SEM
image of the FeCl; film's surface microstructure on metal tita-
nium substrate. The film had a homogeneous, fine-porous
network nanostructure comprising branches of ~90 nm thick-
ness. Energy dispersive X-ray spectroscopy (EDS) revealed the
structure contained only Fe and Cl elements (Fig. S1, ESIT),
confirming the formation of FeCl; film. To study the formation
mechanism of the FeCl; porous nanostructure, the effects of
drying temperature and FeCl; concentration on the FeCl;
morphology were investigated. We found no homogeneous
porous nanostructures formed at drying temperatures below
30 °C (Fig. S2, ESIf). However above 60 °C, FeCl; film with
dendritic morphology was formed that easily fractured (Fig. S3,
ESIt), and only between 40 to 50 °C could porous nano-
structured morphologies with homogeneous pores be prepared
(Fig. S4, ESIT). On the other hand, at a fixed drying temperature
of 45 °C, the nanostructure backbone thickness increased from
~90 to 130 nm with increasing of FeCl; concentration from
0.05 to 0.10 M (Fig. S5, ESIt). Based on the above, we suggest
that solvent evaporation plays a key role in the formation of the
porous FeCl; nanostructure. During the evaporation process,
the flow of the generated ethanol steam creates the porous
FeCl; nanostructure. The porosity varied with the amount of
ethanol steam (determined by drying temperature) and FeCls
concentration, ie. when both were low, lower porosity of
thicker-branched FeCl; nanostructure was obtained. Since the
CP nanostructure was obtained by replication of the porous
FeCl; nanostructure, the ability to adjust FeCl; nanostructure

Fig. 2 (a) SEM image of the porous nanostructured FeCls thin film
obtained by evaporating ethanol from 0.05 M ethanol solution of FeCls
at 45 °C. (b) SEM image of the porous nanostructured PPy thin film
obtained by exposure of the nanostructured FeCls (in (a)) to pyrrole
vapor at 60 °C for 1 h (inset: digital photo of PPy film on titanium).
(c) SEM image of porous nanostructured PANI thin film obtained by
exposure of the nanostructured FeCls to aniline vapor at 60 °C for 1 h
(inset: digital photo of PANI film on titanium). (d) SEM image of porous
nanostructured PEDOT thin film obtained by exposure of the nano-
structured FeClz to EDOT vapor at 60 °C for 1 h (inset: digital photo of
PEDOT film on titanium).
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by temperature and concentration offers an important means
for controlling CP nanostructure morphology.

Because FeCl; is highly water soluble, the CP synthesis step
could not be carried out in aqueous solution. Therefore, we used
chemical vapor deposition (CVD) to synthesize CP using poly-
pyrrole (PPy) synthesis as the first example. Polymerization of
pyrrole was initiated by exposing the porous FeCl; nanostructure
to pyrrole vapor at 60 °C. Fig. 2b shows the SEM image of the
porous PPy nanostructure synthesized using the FeCl; shown in
Fig. 2a for a template. The obtained PPy closely maintained the
original morphology of the FeCl; nanostructure. The FTIR
spectrum of the porous PPy nanostructure (Fig. S6, ESIT) shows
the characteristic PPy peaks such as the asymmetric and
symmetric ring stretching at 1560 and 1471 cm ', the C-N
stretching vibration at 1197 em™*, and C-C out-of-plane ring
deformation vibration at 927 em ™", which collectively confirm
the formation of PPy. The conductivity of the porous PPy nano-
structure was measured to be ~0.3 S cm™" using four-probe
technique at room temperature. In addition, analysis of the
surface wettability of the porous PPy nanostructure revealed
superhydrophilic behavior, where the contact angle of a water
droplet on PPy surface was almost 0° (Fig. S7, ESIT). It should be
pointed out that surface wettability of the PPy film is important
for practical applications, particularly in promoting immobili-
zation of hydrophilic probe molecule in sensors and enhancing
the penetration and diffusion ability through the film in energy
storage/conversion systems. Therefore, it is envisaged that the
porous nanostructured PPy thin film may find applications in
biosensors and energy storage systems.

As mentioned earlier, FeCl; is commonly used as an oxidant
to polymerize the monomers of various CPs. The present study
also established that similar porous nanostructures of poly-
aniline (PANI) and poly (3,4-ethylenedioxythiophene) (PEDOT)
were obtainable on titanium substrates using the FeCl;
template method (Fig. 2c and d), the formation of which was
confirmed by FTIR spectra (Fig. S8, ESIt). The conductivity of
the porous nanostructured films of PANI and PEDOT were ~0.8
and ~0.2 S em !, respectively. These results show the method
provides a general route for preparing porous nanostructures of
almost all major classes of CPs.

Currently, CP nanostructures are usually formed electro-
chemically on the surface of conductive substrates, or chemi-
cally in the body of the solution.***” In the present work, the
porous nanostructure of FeCl; can be coated directly on various
substrate materials regardless of their conductivity, and thus so
can the porous CP nanostructure. We have successfully depos-
ited porous nanostructured PPy thin films on a large variety of
substrates, including conducting substrates (for example, tita-
nium, Au-coated Si wafer, and Si wafer) and non-conducting
substrates (for example, glass, polyethylene terephthalate
(PET), poly (phenylene sulfide) (PPS)) using the FeCl;-templated
method (Fig. 3, 4 and S9, ESIT). There is no apparent difference
in the coating morphology for either conductive or non-
conducting substrates. Therefore, we suppose that the FeCl;-
templated method is a simple and versatile method for the
deposition of almost any CP film on almost any substrate.
Interestingly, the PPy nanostructured film formed on PET
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Fig. 3 Photo of the PET substrate and the PPy film formed on it (left)
and SEM image of the microstructure of the PPy film (right).

substrate could be easily bent (Fig. 3), exhibiting excellent
flexibility. This property renders the PPy coating suitable for
potential applications in flexible electronics.

It is obvious that the thickness of the CP film depends on the
thickness of the FeCl; layer. Therefore, transparent CP films
should be obtained by forming a thinner layer of FeCl; nano-
structure. Fig. 4a shows the digital photo of the transparent PPy
film that coated on coverslip glass. It was measured by UV/Vis
spectroscopy that the PPy film has a greater than 90% light
transmittance within the visible region (Fig. 4b). The trans-
parency of the PPy film is also demonstrated by the clearly
visible Xiamen University logo placed under the glass coverslip.
The conductivity of the PPy transparent film was measured to be
about 1 S em ™, which is sufficient for applications in electro-
static dissipation, magnetics shielding, and secondary elec-
trodes. Such conducting, transparent film has great
implications for potential applications in flexible organic elec-
tronics, optoelectronics, sensors, and energy storage devices.

Besides porous nanostructured CP film, porous CP/polymer
nanocomposite film also can be prepared by using FeCl;
nanostructure as oxidant to oxidize two different monomers
successively. Fig. 5a exhibits the SEM image of microstructure
of PPy/PEDOT nanocomposite film, which was prepared by
using FeCl; to first oxidize pyrrole vapor to PPy and then EDOT
vapor to PEDOT. The FTIR spectrum (Fig. S10a, ESIt) confirms
the formation of the PPy/PEDOT. To further prove the versatility
of the method for the preparation of CP/polymer nano-
composite, another interesting polymer, polydopamine (PDA)
was incorporated into PPy to form porous PPy/PDA nano-
composite film. Fig. 5b shows the SEM image of porous
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Fig.4 (a) Digital photo of the transparent nanostructured PPy thin film
coated on glass coverslip. (b) UV/Vis-spectroscopy of transparent
nanostructured PPy thin film coated on coverslip glass.
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Fig. 5 SEM images of the porous nanostructured thin film of (a) PPy/
PEDOT and (b) PPy/PDA.

PPy/PDA film, which was synthesized by first oxidizing vapor of
pyrrole monomers to PPy and then oxidizing dopamine
monomers in aqueous solution to PDA. The FTIR spectrum
proves the formation of the PPy/PDA (Fig. S10b, ESIT). Recently,
PDA has been intensively investigated as functional coating for
numerous applications due to its ability to adhere to wide range
of organic and inorganic materials.*** However, few reports
focus on the formation of CP/PDA nanocomposites. Here, we
show that the CP/PDA nanocomposite film can be prepared
easily by the present FeCls;-template method. It is well known
that PPy has good conductivity and biocompatibility, but is
difficult to be modified due to the lack of specific interaction on
the surface. While the additional functional groups from PDA
can address this problem easily. Therefore, the combination of
PDA with PPy significantly improves the processability and
functionality of PPy, making the porous PPy/PDA nano-
composite film very attractive for potential applications in
biomedical science and organic electronics.

Finally, we demonstrate the introduction of CaCl, into PPy as
an example to illustrate the formation of the porous
CP/inorganics nanocomposite film. Porous FeClz/CaCl,
composite nanostructure (Fig. 6a) was obtained by evaporating
ethanol from a solution containing specified amounts of dis-
solved FeCl; and CacCl,. The presence of CaCl, in the resultant
template nanostructure was confirmed by EDS (Fig. 6b), and
fine porous nanostructured morphologies were produced with
CaCl, content as high as 30 wt%. Fig. 6¢ shows the SEM image
of the obtained PPy/CaCl, nanocomposite, where exposure of
the CaCl,/FeCl; nanocomposite to the pyrrole vapor for 1 h still
produced the desired porous nanostructured morphology.

During the past decade, biomedical applications for PPy
have attracted much attention.**> A promising example is the
use of PPy as a coating material for dental and orthopedic
implants.®*** However, PPy exhibits poor osteoconductive
properties and thus does not bond directly to living bone; this
impedes patient healing and might ultimately result in long-
term failure of the implant. Introduction of Ca®* to the
implants has proved an effective way to increase its osteo-
conductivity,**” where Ca®" induces the deposition of apatite
on the implant surface and promotes attachment and prolifer-
ation of osteoblasts, and superior osseointegration bonding
between implant and bone.**** However, since PPy is insoluble
and infusible, it is difficult to introduce Ca** into PPy nano-
structure by conventional methods.

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) SEM image of the porous nanostructured thin film of
FeCls/CaCl, composite (with wt 10% of CaCl,). (b) EDS spectrum of
FeCls/CaCl, nanocomposite thin film in (a). (c) SEM image of the
porous nanostructured thin film of PPy/CaCl, composite. (d) Apatite
particles formed on PPy/CaCl, nanocomposite after soaking in SBF for
48 h. (e) Apatite particles formed on PPy/CaCl, nanocomposite after
soaking in SBF for 96 h. (f) EDS spectrum of the apatite particles in (e).
(g) SEM image of the PPy nanostructure without CaCl, after soaking in
SBF for 120 h. (h) Variation in Ca®* concentration of SBF with soaking
of porous PPy/CaCl, nanostructured thin film.

In the present work, introduction of Ca®" into the porous PPy
nanostructure to form PPy/CaCl, nanocomposite was easily
accomplished. To evaluate its apatite-forming ability, the
PPy/CaCl, nanocomposite was soaked in simulated body fluid
(SBF).**** Fig. 6d and e shows the SEM images of the PPy/CaCl,
nanocomposite surface after soaking in SBF for 48 and 96 h
respectively. As shown in Fig. 6d, after 48 h, some of the
PPy/CaCl, nanocomposite surface became covered by spherical
particles, and after 96 h, the whole surface was completely
covered (Fig. 6e). EDS results indicated that the particles
predominantly contained calcium and phosphorus (Fig. 6f) and
the ratio of Ca/P was 1.2, thus confirming the particles were
bone-like apatite. Notably, no apatite particles formed on
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porous PPy nanostructure lacking CacCl, even after soaking in
SBF for 120 h (Fig. 6g). Concentration of Ca>" was monitored by
inductively coupled plasma mass spectrometry (ICP-MS) after
the PPy/CaCl, nanostructure was placed in SBF. Fig. 6h shows
Ca®" concentration first increased and then decreased gradually
until a steady state was reached. The increase of the Ca®" was
ascribed to the release of Ca** from the PPy/CaCl, nano-
structure to the SBF, and the following decrease of Ca®" to the
deposition of apatite from SBF to the surface of the nano-
structure film. Therefore, we reasonably postulate that the
introduction of CaCl, to PPy produced pronounced apatite-
forming ability. Noted that besides CaCl,, other inorganics
also might be introduced into FeCl; to establish more kinds of
porous CP/inorganics nanocomposite films.

Conclusions

In summary, we have developed an attractive oxidative template
method for synthesizing CP-based porous nanostructured thin
films. Porous nanostructure of one of the most commonly used
oxidants for CP monomers, FeCl;, was used for the first time as
template to accomplish the synthesis. Compared to other
methods, our method offers following advantages. First, FeCl;
is cheap and easy to obtain, which are essential features for a
template that can be used only once. In addition, the formation
process of nanostructured FeCl; template is short and simple,
involving only physical evaporation and no additional chemical
reactions. Second, it is a general method to prepare porous
nanostructured thin films of almost all major classes of CPs on
almost any substrate. Third, besides porous nanostructured CP
films, porous nanostructured thin films of CP/polymer and
CP/inorganics composites also can be formed, making the
FeCl;-template method to be the only method so far for
simultaneously preparing three kinds of CP-based porous
nanostructured films, ie porous CP, CP/polymer, and
CP/inorganics nanostructured thin films. We believe this
versatile method could significantly broaden our ability to
obtain porous nanostructured thin films of CP and CP-based
nanocomposites for use in various fields such as organic elec-
tronics, energy storage devices, and biomedical science.
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