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Various conducting polymer/hydrophobic insulating polymer (CP/HIP) composite nanofibers have been
prepared by electrospinning and vapor deposition polymerization (VDP) with benzoyl peroxide (BPO) as
oxidant. BPO is soluble in N,N-dimethylformamide (DMF) and can form homogenous solutions with
hydrophobic polymers such as poly(methyl methacrylate) (PMMA) and polystyrene (PS). High-quality
nanofibers of PMMA or PS containing a certain amount of BPO were produced by electrospinning and
used as the templates for VDP of pyrrole, 3,4-ethylenedioxythiophene (EDOT), and aniline. The non-
woven mats of the resulting CP/HIP composite fibers can be used as the high-sensitive sensing elements
of gas sensors. A gas senor based on polypyrrole (PPy)/PMMA composite fibers was fabricated for sensing
ammonia or chloroform vapor, and exhibited greatly improved performances comparing with those of
the device based on a PPy flat film.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

One-dimensional (1D) conducting polymeric (CP) materials, such
as nanofibers, nanotubes, and nanowires have attracted a great deal
of attention in these years [1–10]. This is mainly due to their unique
morphologies, conductive and redox properties, and the applications
in drug delivery [1,2], electric devices [3,4], actuators [5,6] and
especially chemosensors [7–10]. Among these materials, 1D CP
composites are of special importance because of the intriguing
properties inherited from the synergistic effect of their components
except for the intrinsic properties from each component [11]. For
example, polypyrrole/single-walled carbon nanotube (PPy/SWCNT)
bi-component nanocables exhibited a conductive behavior different
from that predicted by parallel conduction-channel model [12].

1D CP composites can be prepared by various techniques such as
template-assisted polymerization [12–20], lithography [21], inter-
facial polymerization [22], and electrospinning [23–30], leading to
the formation of two kinds of structures: blends and coaxial cables.
Usually, the coaxial cable structured composites are prepared
through two-step processes. For example, PPy/PMMA coaxial
nanocables were synthesized by sequential polymerizations of
methyl methacrylate and pyrrole inside the channels of mesoporous
silica [31]. The nanocables of CPs also can be prepared by chemical
deposition of CP on the surfaces of electrospun fibers [32,33].
: þ86 1062771149.
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However, the synthesis of 1D blend is more difficult, mainly due to
the fact that most CPs are insoluble in common solvents. Thus, the
solvent-assisted methods usually used for preparing polymer
composites are inapplicable to the preparation of CP composites.
Although a few strategies have been developed for producing CP
blending films or powders [34,35], they are not suitable for the
preparation of corresponding 1D nanomaterials.

Recently, it was reported that vapor deposition polymerization
(VDP) of pyrrole can be carried out on the electrospun composite
fibers of polyethylene glycol (PEG) containing inorganic oxidant
such as ferric chloride, resulting in the formation of PPy/PEG fibers
[36,37]. Although the distribution of PPy in the PEG matrix was not
described, it is reasonable to conclude that VDP occurs within the
PEG fiber matrixes, leading to the formation of the blends of PPy and
PEG. However, this strategy is limited to prepare CP/hydrophilic
polymer composite fibers on account of the difficulty of incorpo-
rating water-soluble inorganic oxidants (e.g. ferric chloride,
ammonia persulphate) into hydrophobic matrixes. Recently, a few
papers reported the preparation of 1D CP composite nanofibers by
using the electrospun composite fibers of organic ferric salt and
polystyrene (PS) as the templates [38,39]. Unfortunately, in these
cases, the quality of the obtained CP composite fibers was poor
(short and wide), and the electrospin systems needed careful opti-
mization in order to ensure the solubility of both components, as
well as the spinnability of the solutions. Therefore, hitherto, there is
not a convenient universal strategy for the fabrication of high-
quality 1D blends of CPs and hydrophobic insulating polymers.
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In this paper, we report the preparation of CP/hydrophobic
insulating polymer (HIP) composite fibers by using benzoyl
peroxide (BPO) as a liposoluble oxidant for VDP. BPO/HIP composite
fibers were prepared by electrospinning, and VDP of pyrrole was
carried out on the matrixes of the electrospun fibers. BPO has been
used as oxidant for chemical polymerization of pyrrole [40] and has
Fig. 1. (A) Typical SEM image of PMMA fibers prepared from the DMF solution of PMMA (6
PMMA (60 mg mL�1) containing a small amount of water (400/1 by volume). (C–F) Typical SE
60 mg mL�1 PMMA and BPO with concentration of 0.05 M (C), 0.1 M (D), 0.2 M (E) and 0.3
good solubility in many organic solvents. Thus, the mixture solu-
tions of BPO and hydrophobic polymers can be easily prepared.
Besides, the presence of high concentration salt in polymer solution
makes the electrospinning process complicate due to the distinct
increase in ionic conductivity of the solution. However, using BPO
as the oxidant can effectively avoid this problem and the
0 mg mL�1). (B) Typical SEM image of PMMA fibers prepared from the DMF solution of
M images of the BPO/PMMA composite fibers prepared from DMF solutions containing
M (F). Scale bar: 5 mm. For the low magnification images, see Fig. S1.



Fig. 2. Raman (A) and IR (B) spectra of BPO10/PMMA (a) and PPy/PMMA composite
fibers prepared by VDP of pyrrole on BPO10/PMMA matrix for 4 h (b).
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electrospin can be easily controlled. More importantly, the method
developed here is a universal approach to CP/HIP composite fiber,
and it was tested to be applicable to different hydrophobic poly-
mers (e.g. PMMA and polystyrene (PS)) and CPs (e.g. PPy, poly(3,4-
ethylenedioxythiophene) (PEDOT), and polyaniline (PANI)) without
significant modification. Furthermore, the preliminary results
showed that the PPy/PMMA nanocomposite fibers have potential
applications in gas sensing devices.

2. Experimental

2.1. Materials

BPO (25 wt% water), PS (Mw¼ 90,000 g mol�1, d¼ 1.10) and
PMMA (Mw¼ 350,000 g mol�1) were purchased from Alfa Aesar
Co., Ltd. Pyrrole was a product of Sinopharm Chemical Reagents Co.
Ltd. (Beijing, China) and distilled under reduced pressure before
use. 3,4-Ethylenedioxythiophene (EDOT, 99.5%) was bought from
Aldrich and used without further purification. Aniline and N,N-
dimethylformamide (DMF) were purchased from Beijing Chemical
Reagents Co. (Beijing, China) and used as received.

2.2. Preparation of conducting polymer/hydrophobic insulating
polymer (CP/HIP) composite fibers

PMMA solution (60 mg mL�1) was prepared by dissolving 1.2 g
PMMA in 20 mL DMF at 50 �C. Then, a controlled amount of BPO
was dissolved in the PMMA solution at room temperature to
prepare a BPO/PMMA blended solution (the concentration of
BPO¼ 0.05, 0.1, 0.2, or 0.3 M). The blended solutions were elec-
trospun at room temperature under a driving voltage of 9 kV
(controlled by a high voltage power source (DW-P303-3AC, Tianjin
Dongwen Power Source Plant)). The feeding velocity of the solution
was controlled to be 6 mL h�1 (SEP 10S, Aitecs). An indium tin oxide
(ITO) glass sheet (w10 U/Square) or an interdigitated platinum
electrode was used as the counter electrode and was placed 10 cm
apart from the tip of the capillary. Continuous nanofibers were
deposited on the surfaces of counter electrodes and collected in the
form of non-woven mats. PS/BPO blended solution (120 mg mL�1

with 0.1 M BPO) was prepared following the same procedure, and
electrospinning was carried out under a driving voltage of 8 kV.

Typically, to prepare PPy/HIP composite fibers, electrospun HIP
fibers (typically 3–10 mg) containing BPO were put into a reaction
vessel (500 mL) equipped with an aqueous pyrrole solution (0.2 M,
2.5 mL) and an aqueous hydrochloric acid solution (18 wt%, 2.5 mL)
loading reservoirs. The monomer and hydrogen chloride in the
reservoirs evaporated gradually and diffused into the BPO/HIP
composite fibers where the polymerization was occurred. Composite
fibers of PEDOT and PANI were fabricated following the same
procedures except that pure EDOTand aniline were used as the vapor
sources. After VDP of CPs for a certain period (pyrrole: 30 min, 1 h,
4 h, or 12 h; EDOT: 20 h; aniline: 96 h), the obtained products were
collected and dried in air before characterizations.

2.3. Characterization of gas sensing properties

The sensing behavior of the PPy/PMMA composite non-woven
mat was characterized by measuring its resistance change upon
exposing to NH3 gas and saturated chloroform vapor at room
temperature. The sensor was fabricated by collecting the electro-
spun fibers onto an interdigitated platinum electrode (10 pairs of
digits, 15 mm apart each) and VDP of pyrrole for 4 h. The sensor was
connected to a potentiostat (Model 440A, CHI, USA) under
computer control to measure the current changes at a constant
applied potential (1 V). The probe was kept in a chamber (500 mL)
under the applied potential until the current became stable before
sensing test. The resistance change towards ammonia was
measured by injecting certain volume of saturated ammonia into
the chamber. On the other hand, the response to chloroform vapor
was determined by inserting the sensor into a chamber filled with
saturated chloroform vapor. The response of the sensor was defined
as (Rg� R0)/R0; where R0 is the resistance of the device before test,
and Rg is the resistance after exposing to the analyte.

2.4. Instrumentation

Raman spectra were recorded by the use of an RM 2000
microscopic confocal Raman spectrometer (Renishaw PLC,
England) employing a 633-nm laser beam, and a charge coupled
device detector with 4 cm�1 resolution. IR spectra were recorded
on a GX Fourier transform infrared (FTIR) spectrometer (Perkin
Elmer, USA) with KBr pellets of the composites. The morphologies
of the fibers were imaged with a KYKY 2800 scanning electron
microscope (SEM, Beijing, China), operated at 25 kV. Transmission
electron microscope (TEM) images were obtained on H-800 elec-
tron microscope (Hitachi, Japan). Electric measurements were
performed on a 440A potentiostat (CHI, USA).



Fig. 4. Time-dependent-current change of a BPO10/PMMA mat exposing in the reac-
tion medium under an applied voltage of 1 V. Inset is the magnification of first 1800 s.
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3. Results and discussion

3.1. BPO/PMMA nanofibers

PMMA is a typical hydrophobic polymer and soluble in various
organic solvents such as chloroform and DMF, but insoluble in
water and methanol. It was reported that PMMA fibers can be
prepared by electrospinning its DMF solution [32,33,41]. Further-
more, DMF is a good solvent for wet BPO. Thus, in this work, we
chose DMF as the solvent and PMMA concentration was controlled
to be 60 mg mL�1, which was reported to have suitable viscosity
and surface tension for electrospinning [33]. To find the best
condition for obtaining high-quality fibers, solutions containing
different contents of BPO were examined. In the case of using pure
PMMA solution as the starting material, fibers with beaded struc-
ture were produced (Fig. 1A). Usually, the formation of beads can be
restrained by adding a small amount of salt into the polymer
solution [33]. However, in the present work, upon adding 0.05 or
0.1 M BPO into the PMMA solution, the as-formed fibers (BPO5/
PMMA and BPO10/PMMA) also became uniform with average
diameters around 450 nm (Fig. 1C and 1D), and no bead was formed
during the electrospinning process.

It should be noted here that the commercial available BPO
contains 25% water (by weight) for increasing its environmental
stability. Thus, it is necessary to make sure whether the small
Fig. 3. Typical SEM images of PPy/PMMA composite fibers produced by VDP on BPO10/PMM
Scale bar: 5 mm. For the low magnification images, see Fig. S3.
amount of water in the polymer solution was the predominant
factor for controlling the morphology of the fibers. As a control
experiment, we added water with the same amount as that of
0.05 M wet BPO to PMMA solution for electrospinning. It was found
A for different polymerization time periods. (A) 30 min, (B) 60 min, (C) 4 h, (D) 12 h.



Fig. 5. Typical SEM images of PPy/PMMA composite fibers prepared by VDP on different BPO/PMMA fibers for 4 h. (A) BPO5/PMMA, (B) BPO10/PMMA, (C) BPO20/PMMA, (D) BPO30/
PMMA. Scale bar: 5 mm. For low magnification images, see Fig. S4.
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that the morphology of the resulting fibers (Fig. 1B) did not show
apparent change in comparison with that shown in Fig. 1A.
Therefore, it is reasonable to conclude that the morphological
change of fibers was induced by the introduction of BPO rather than
water. It was reported that the formation of beads is controlled by
Fig. 6. Typical TEM images of PPy/PMMA fibers prepared by VDP of pyrro
the viscosity and surface tension of the polymer solution, as well as
the net charges carried by the electrospinning jet [42]. To ascertain
the principal factor for changing the fiber morphology, the prop-
erties of the BPO/PMMA mixed solutions were examined. It was
found that the surface tension and viscosity of a PMMA solution
le for 4 h on BPO10/PMMA fibers. Scale bar: (A) 500 nm, (B) 100 nm.
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were slightly changed by the addition of wet BPO (surface tension:
from 36.4 to 36.8 mN m�1, viscosity: from 48 to 49 cP), whereas the
conductivity of the solution was increased markedly (from w3 to
60 mS/cm). Thus, the reduction of bead amount upon addition of
BPO would be resulted from the increase of solution conductivity,
which consequently increased the net charges carried by the
electrospinning jet [25,42]. However, BPO is not an electrolyte and
does not have contribution to the solution conductivity. Therefore,
the conductivity increase is possibly associated with its reduction
product, benzoic acid [40]. If the concentration of BPO was further
increased to 0.2 M, the fibers (BPO20/PMMA) were fused together
forming nodes at their overlapping spots, indicating that the fibers
were still wet when they reached the collecting electrode [43].
Upon further increasing BPO concentration, the amount of nodes
was increased and fiber surfaces became rougher (BPO30/PMMA,
Fig. 1F). However, the diameters of the fibers altered slightly, and
were nearly independent of the BPO concentration.
Fig. 7. Resistance change of a PPy/PMMA composite non-woven mat obtained by VDP
on BPO10/PMMA for 4 h and a compact PPy film upon exposure in 150 ppm ammonia
(A) and saturated chloroform vapor (B).
3.2. PPy/PMMA composite nanofibers

BPO/PMMA composite fibers were used as the templates for
VDP of pyrrole. The color of a non-woven mat of BPO/PMMA turned
dark soon after being kept in pyrrole and HCl vapors, indicating the
formation of PPy. The formation of PPy was further confirmed by
spectral examinations. Fig. 2 shows the Raman and IR spectra of the
BPO10/PMMA fibers before and after VDP. The Raman spectrum of
BPO10/PMMA fibers exhibits only several weak bands in the range
of 600–1800 cm�1, whereas after VDP, the spectrum shows typical
bands of doped PPy [44,45]. The 1585 cm�1 band can be assigned to
the C]C stretching mode of PPy backbones, being characteristic of
PPy in the oxidized state. The bands around 1374 and 1335 cm�1 are
associated with the ring stretching of PPy, and the double peaks
centered at 1054 cm�1 are attributed to C–H in-plane deformation.
Bands at 973 and 940 cm�1 are assigned to the ring deformation
related to bipolarons and polarons, respectively. In IR spectra, most
peaks are related to PMMA and BPO components, but the peaks at
1635 and 1550 cm�1 only appear in the spectrum of PPy/PMMA,
attributing to the C]C stretching of pyrrole rings [46,47].

To optimize the condition for producing high-quality composite
fibers, the effects of pyrrole and hydrogen chloride concentrations,
polymerization time, and BPO content on the morphology and
properties of the final fibers were studied. In typical reactions,
a 0.2 M aqueous solution of pyrrole was used as the monomer vapor
source. In the system without an HCl vapor source, the polymeri-
zation proceeded rather slowly and the mat did not show a visible
color change after 4 h VDP. However, due to the slow pyrrole
consuming rate, part of pyrrole vapor was condensed on the mat as
droplets. The monomer droplets swelled and dissolved the BPO/
PMMA matrixes, which made the composite fibers fuse together
(Fig. S2A). To accelerate the polymerization rate, an aqueous solu-
tion of HCl (18 wt%) was introduced into the reaction system [40]. In
this case, the high VDP rate consumed pyrrole vapor effectively. As
a result, high-quality PPy/PMMA composite fibers were produced
(Fig. 3). On the other hand, as pure pyrrole was used to replace 0.2 M
aqueous pyrrole solution as the monomer vapor source (with
18 wt% HCl source), the VDP rate increased greatly (Fig. S2B) and the
mat turned black soon after putting it in the reaction vessel.
However, exceeding monomer was deposited on the template mat
and the BPO10/PMMA fibers were swelled and dissolved during the
polymerization process. Finally, a flat composite film was formed
within 15 min. Based on the results described above, a 0.2 M pyrrole
and a 18 wt% HCl aqueous solutions were tested to be the suitable
vapor sources of monomer and acid, correspondingly, for fabricating
high-quality PPy/PMMA composite nanofibers.
Fig. 3 shows the SEM images of the PPy/PMMA composite fibers
recorded during the process of VDP. In the initial 4 h, the composite
fibers kept the outlines of the template fibers (Fig. 3A–C). However,
after 12 h polymerization, part of the fibers were fused together as
shown in Fig. 3D. These results can be explained as follows: with the
elongation of reaction time, VDP rate decreased gradually, due to the
decrease of BPO content in the template fibers. In addition, the PPy
coating on the fibers also reduced the diffusion rate of the monomer
molecules in the fiber matrix. As a result, exceeding unreacted
pyrrole monomers were condensed onto the mat as droplets, and
polymerized slowly by dioxygen in atmosphere. Fig. 4 plots the
current of a BPO10/PMMA nanofiber mat versus VDP time under
a constant applied voltage of 1 V. It is clear from this figure that, the
current was stable and rather low (<10�10 A) in the first 20 min,
indicating that continuous PPy conduction-channels did not form in
the PMMA matrix. In the period of 20–40 min, a sharp increase in
current was observed, signifying the gradual formation of contin-
uous PPy phase. Then, the current underwent a slow increase until
reached a stable value after 4 h reaction, indicating a conductive
network was well established in the composite fiber mat.

Fig. 5 depicts the morphologies of PPy/PMMA composite fibers
formed after 4 h VDP on the fiber templates with different contents
of BPO. As BPO5/PMMA and BPO10/PMMA were used as the
templates, the resulting fibers maintained the outlines of templates
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(Fig. 5A and B) with slight increases in fiber diameters and surface
roughness (See Fig. S5). On the other hand, when BPO20/PMMA
and BPO30/PMMA templates were used, the resulting PPy/PMMA
composite fibers (Fig. 5C and D) showed distinct increases in fiber
diameters and surface roughness. Considering the quality of the
produced composite fibers and the polymerization rates, PPy/
PMMA composite fibers obtained by 4 h VDP with BPO10/PMMA as
template were used in further investigations. The PPy content of
these PPy/PMMA composite fibers was measured to be 8.2 wt% by
elemental analysis (C: 59.54%, H: 7.82, N: 1.77%), and thermo
gravimetric analysis results is shown in Fig. S7.

For a composite fiber, it is necessary to confirm whether it is
a blend or it has a coaxial-cable-like structure. In a previous work
by Jr. Jones and coworkers, coaxial PPy/PMMA cables were fabri-
cated by chemical polymerization of pyrrole on the surfaces of
PMMA fibers in an aqueous solution containing both monomer and
oxidant [33]. However, in our case, the oxidant, BPO, was distrib-
uted in the matrixes of the composite fibers. Moreover, PMMA has
good solubility in pyrrole, thus the monomer molecules can diffuse
easily into the matrixes of BPO/PMMA fibers. As a result, the PPy/
PMMA fibers would not have a well-defined core–shell structure
because the polymerization reaction cannot be restricted on the
surfaces of the templates. Fig. 6 shows the typical TEM images of
PPy/PMMA composite fibers. It is clear from these images that the
composite fibers do not have clear core–shell interfaces. Further-
more, we studied the morphology of the composite fibers
Fig. 8. Typical SEM images of PEDOT/PMMA (A,B) and PANI/PMM
containing 8.2 wt% PPy after immersing them in chloroform for
12 h to remove their PMMA component (according to a previous
report, this process is efficient to remove PMMA core from a core–
shell PPy/PMMA composite fiber [33]). The cross-sectional image of
the residual fibers also does not show any tube-like structure (See
Fig. S6). However, considering the great deformation of the fibers in
chloroform, we cannot exclude the possibly existence of a pure
PMMA core in the original PPy/PMMA fiber.

3.3. Gas sensing performances of PPy/PMMA nanofiber mats

The high specific surface area and the blend structures of the
obtained PPy/PMMA composite fibers endow this material with
improved performance in gas sensing. PPy and PMMA components
have strong interactions with redox gases and chemical inert
organic vapors, respectively. As examples, in the present work, the
sensing properties of the composite fibers towards ammonia and
chloroform vapor were examined. Fig. 7A shows the time-depen-
dent resistance change of a PPy/PMMA mat (produced from BPO10/
PMMA after 4 h VDP) after exposing to 150 ppm ammonia. It can be
seen that the resistance of the mat increased by 14% in 300 s. This
resistance change was caused by the reduction of oxidized PPy by
ammonia [10]. In comparison, under the same condition, the rela-
tive resistance change of a compact PPy film was measured to be
less than 6%. The enhanced response of the PPy/PMMA non-woven
mat is due to its high specific surface area [10].
A (C,D) composite fibers. Scale bar: (A, C) 50 mm; (B, D) 5 mm.



Fig. 9. Typical SEM images of PPy/PS (A, B), PEDOT/PS (C, D) and PANI/PS (E, F) composite fibers. Scale bar: (A, C, E) 50 mm; (B, D, F) 5 mm.
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Fig. 7B illustrates the time-dependent resistance change of
a PPy/PMMA mat after exposing in a saturated chloroform vapor. It
was found that the resistance of the mat increased dramatically,
whereas that of the compact PPy film decreased slightly. The
response of the composite fibers is over 80 times that of PPy film.
The nature of the interactions between CPs and volatile organic
compounds (VOCs) and the related influences on the electric
resistances of CPs are not very clear now [10]. Chloroform is elec-
trochemically inert to PPy, therefore, the electric resistance change
of PPy or its composite should not result from the electron transfer
between PPy chains and chloroform molecules. For pure PPy film,
a possible explanation for the conductivity increase is that the
chloroform molecules diffused into the film and changed the
relative permittivity of the film, which will accelerate the electron
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hopping between the PPy chains [48]. However, this process
became minor in the PPy/PMMA composite due to the presence of
PMMA component. PMMA has good solubility in chloroform and
when contacting with chloroform vapor, more chloroform mole-
cules can be absorbed in PMMA than pure PPy. Therefore, PMMA
component will be swollen by chloroform, leading to the increase
of the interchain distances of PPy, and consequently attenuated the
electron hopping among polymer chains [49]. Therefore, the
synergistic effect of PPy and PMMA is dominant in the sensing
mechanism, in which PPy provides electric conductivity while
PMMA provides the interaction sites for chloroform. Since the
doping levels and the thicknesses of both films were not fully
considered, the synergistic effect of PPy/PMMA composite in gas
sensing cannot be evaluated accurately. However, these prelimi-
nary results indicate that the composite fibers are useful in fabri-
cating gas sensors with high performances.

3.4. Fabrication of other CP/HIP composite fibers

The method described above can be extended to fabricate
various CP/HIP composite fibers. We first changed the CP
component of the PPy/PMMA composite fibers. PEDOT is an
important CP which has wide applications in organic electronic
devices, and is usually synthesized by oxidative polymerization of
EDOT [50]. EDOT has a higher oxidative polymerization potential
and lower vapor pressure in comparison with those of pyrrole,
thus the polymerization was carried out using pure EDOT as the
monomer vapor source. After 4 h of VDP, the white non-woven
mat of BPO/PMMA turned light blue due to the formation of
PEDOT. The formation of PEDOT was also confirmed by Raman
spectrum (Fig. S8), IR spectrum (Fig. S9) and XPS (Fig. S10). The
morphology of the forming PEDOT/PMMA fibers is shown in
Fig. 8A and B, in which it can be seen that the PEDOT/PMMA fibers
are uniform and the non-woven mat formed by these fibers is
defect-free in the scale of 100 mm. PANI/PMMA composite fibers
can also be prepared by using aniline as the monomer. However,
the polymerization of aniline was found to be slow; mainly due to
the formation of crystalline salt from aniline and HCl vapors. A
light green film was obtained after reaction for three days, and the
formation of PANI was confirmed by its Raman spectrum (Fig. S11).
The SEM images of PANI/PMMA are shown in Fig. 8C and D. Both
PEDOT/PMMA and PANI/PMMA fibers were conductive (Fig. S12).
The successful preparations of PEDOT/PMMA and PANI/PMMA
composite fibers prove that the method developed here has wide
applications. However, the attempt of preparing PMMA/P3HT was
failed, because of the high polymerization potential of 3-
hexylthiophene.

On the other hand, other hydrophobic polymer fibers can also be
utilized as the templates for the VDP of CPs. Herein, we changed the
matrix polymer from PMMA to PS. The electrospinning of PS has
been reported in literatures [32,51], in which DMF was proven to be
a good solvent for the electrospinning process. Thus, CP/PS
composite fibers were obtained by VDP of corresponding mono-
mers on PS/PBO composite fibers electrospun from the DMF solu-
tion of 120 mg mL�1 PS and 0.1 M BPO. The morphologies of these
composite fibers are shown in Fig. 9. It is clear from this figure that
all the three types of the composite fibers have uniform morphol-
ogies. The formation of PPy, PEDOT and PANI was also confirmed by
Raman spectra (Fig. S13–15) and the conductivity increases of the
non-woven mats after VDP were also detected (Fig. S16).

4. Conclusions

In conclusion, CP/HIP composite fibers with a blend structure
can be fabricated by VDP of aromatic monomer on the electrospun
BPO/HIP composite fibers. In this system BPO acted as a liposoluble
oxidant. The CP contents in the blend fibers can be controlled by
reaction conditions. PPy/PMMA non-woven mat exhibited
improved gas sensing performances to ammonia and chloroform
vapor compared with those of pure PPy film. This is mainly due to
the high specific surface area of the composite fibers and the
synergistic effects of hydrophobic PMMA and conductive PPy. The
technique developed here is applicable to various CPs and HIPs, and
valuable in synthesizing CP nanocomposites with multi-functions.
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