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ABSTRACT: Polypyrrole (PPy)/polypropylene fibrous
membrane (PPF) composite materials with different PPy
contents are prepared through in situ chemical oxidation
polymerization in the pyrrole atmosphere at room tem-
perature by dissolving the FeCl;-6H,O in methanol and
acetonitrile as oxidant. The morphology of the composite
is examined by scanning electron microscope (SEM), the
conductivities of the composites are measured by con-
venient four-probe method, and the properties of the ca-
pacitor cells assembled by the obtained PPy/PPF are
investigated by cyclic voltammetry (CV), galvanostatic
charge/discharge, and electrochemical impedance spec-

troscopy (EIS) measurements. The results show that the
morphology, conductivity, and the capacitor property of
the composite are influenced strongly by the solvent of
the oxidant. The capacitor assembled by the PPy/PPF
prepared by wusing acetonitrile as the solvent for
FeCl36H,O can adapt for quick charge/discharge, and
exhibit the highest capacitance of about 72.5 F g"~ when
the PPy content is about 8.0%. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 122: 3415-3422, 2011
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INTRODUCTION

Supercapacitor, also called electrochemical capacitor,
is a kind of new energy storage system as compared
with normal capacitor and battery, and an important
object of science and industrial development during
the last years.'™ Based on the charge storage mecha-
nism, electrochemical capacitor is classified into two
categories: one is the electrical double-layer capacitor
which utilizes mainly the separation of electronic
and ionic charges at the interface between electrode
materials with large-surface area and the electrolyte
solution®’; the other is the pseudocapacitor which is
based on the Faradaic redox reactions occurring
within the active electrode materials.>” Recently, a
great interest has focused on the development of
thin, flexible, lightweight, and environmentally be-
nign electrochemical capacitor to meet the various
requirements of modern gadgets,'*'*> which requires
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the novel conducting composites to be used as the
electrode materials. So the choice of the component
of the composites and the manufacturing technology
becomes a crucial factor for developing the effective
electrode materials.

Comparing with activated carbon'® and transition
metal oxides,'*" conducting polymers studied
widely such as polyaniline (PANI), polypyrrole
(PPy), and polythiophene (PTH) have attracted great
interest for being candidates in fabrication of various
electronic devices®® > because of their various struc-
tures and high conductivity. Among the conducting
polymers, PPy has attracted much attention owing
to its unique electrical conductivity, redox property,
and excellent environmental stability.**" Up to
date, various polymerization methods including po-
lymerization in solution,” in vapor phase®?**’ and
under supercritical conditions® have applied to pre-
pare the PPy with various microstructures. In the
past, many attempts have been tried to produce
energy storage devices consisting of entirely nonme-
tal components. One method for improving the flexi-
ble electrode based on the conducting polymer is
related to the use of nonmetal substrates for polymer
deposition, which can combine the properties of the
constituents and make it possible to overcome the
drawbacks of the individual materials.’’* Recently,
the electrodes based on the composite of PPy have
been fabricated by depositing PPy on the nonmetal
substrates with larger surface area such as the
carbon fibers, celluloid and polysaccharide fibers,
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and at the same time the performance of the capaci-
tor prepared by the composites have also been eval-
uated.>*?

Polypropylene fibrous membrane (PPF) is an
interesting substrate material as compared with the
other nonmetal substrates because of its relatively
high surface-to-mass ratio, good mechanical prop-
erty and flexibility, chemical resistance, and the abil-
ity to be shaped in various forms. In this article, we
present a simple and convenient route to directly
fabricate PPy/PPF composite which fits the charac-
teristics of capacitor electrode and provides inherent
flexibility as well as porosity via an in situ vapor
phase polymerization method. Thus, the obtained
PPy/PPF composites can be not only lightweight,
flexible enough to be rolled up or twisted, and also
manufactured at low cost.

EXPERIMENTAL
Materials

Methanol, acetonitrile, anhydrous alcohol, potassium
chloride, ferric chloride hexahydrate (FeCl;6H,O)
were analytical grade and used without further puri-
fication. Pyrrole was distilled under reduced pres-
sure before use and stored at a temperature less
than 5°C. The polypropylene fibrous mats (PPF)
formed by PP fibers with many pores and a thick-
ness of 450 pm was purchased from Cullender Fac-
tory of Guodian.

Preparation of flexible PPy/PPF composites

The flexible PPy/PPF composite materials were pre-
pared by using ferric chloride as the oxidant to react
with the pyrrole vapor in an airtight vessel at room
temperature. The methanol and acetonitrile were
used as the solvent of ferric chloride. In a typical
process, different amounts of ferric chloride are dis-
solved into the solvent to form various concentra-
tions solution (50, 100, 150, 200, 250, 300, and 350 g
L"), then the PPF films are soaked in the solution
for 3 min. When the excess solution was eliminated
by a filter paper, the PPF films adsorbed with oxi-
dant were suspended in a sealed vessel containing
pyrrole vapor at room temperature. After 72 h, the
obtained black PPy/PPF composite films were
dipped into ethanol several times to remove the im-
purity. Finally, the product was dried in vacuum at
room temperature for 10 h. The content of the PPy
in the composites was determined by measuring the
weight of the composites and PPF. The PPy/PPF
composites prepared by using methanol and the ace-
tonitrile as oxidant solvent were named as M-PPy/
PPF and A-PPy/PPF, respectively.

Journal of Applied Polymer Science DOI 10.1002/app

JIN ET AL.

Characterization

The morphologies of the PPy/PPF composites were
measured by using a scanning electron microscope
(SEM, JEOL 6701), and the samples were sputtered
with platinum before observation. The dc electrical
conductivities were measured using the standard
four-probe technique, where the conductivity (o) can
be defined as follows eq. (1):

c=IL/VS 1

where [, V, and L were defined as the applied cur-
rent, the output voltage and the length of samples
between the two inner electrodes, respectively, and
the S was the sectional area of the samples.

The capacitor cells were assembled by using two
pieces of PPy/PPF composite films (one oxidized
and one reduced) as the two electrodes, a filter pa-
per soaked with 1.0M KCl is used as the electrolyte
to separate the two pieces of PPy/PPF films. Two
platinum foils contacted with the films were used as
the current collectors while two pieces of PVC plate
were utilized to coat and stabilize the cell. All the
electrochemical measurements were carried out on a
CHI 660C electrochemical station by using double-
electrode technique. The cyclic voltammetry (CV)
measurements were performed in a voltage range of
—0.5 to 0.5 at different scan rates. Galvanostatic
charge/discharge measurements were performed at
varying current density with the cutoff voltage of
—0.5 and 0.5 V. The electrochemical impedance spec-
troscopy (EIS) measurements were performed at
open-circuit potential and the data were collected in
the frequency range of 0.01-10° Hz with AC-voltage
amplitude of 5 mV.

RESULTS AND DISCUSSION
Morphology and conductivity

The morphology of primordial PPF membrane is
shown in Figure 1(a), from which we can see that
the surface of the fibers is smooth and the diameter
of most PP fibers ranges from 3 to 6 pm except some
thick fibers with a diameter larger than 10 pm, the
size of the pores dispersed on the surface ranges
from several hundred nanometers to several micro-
meters. Comparing with the PPF [Fig. 1(a)], a great
morphology change on the surface of PPy/PPF com-
posite [Fig. 1(b—f) and Fig. 2] takes place, e.g., the
surface becomes rough because the PP fibers has
been coated with PPy. Furthermore, the morpholo-
gies of A-PPy/PPF composites prepared by using
acetonitrile as oxidant solvent become more coarse
or rugate with the increase of the content of PPy.
For example, at low contents (2.8%, 5.7% PPy), a
thin PPy layer is observed on the surface of the PP
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Figure 1 SEM images of pristine PPF film (a), and various contents of PPy in A-PPy/PPF composite: (b) 2.8%; (c) 5.7%;

(d) 8.0%; (e) 23.9%; and (f) 48.4%.

fibers [Fig. 1(b,c)]. When the content of the PPy
increases to 8.0%, as shown in Figure 1(d), the
rugate and coarse layer of polymer is observed on
the PP fibers. At higher content of the PPy such as
23.9%, lots of crimples are observed on the surface
of PP fibers [Fig. 1(e)], while the content of the PPy
increases to 48.4% further, it is found that the pores
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dispersed on the surface have been filled with the
formed PPy [Fig. 1(f)]. The morphologies of M-PPy/
PPF prepared by using the methanol as oxidant sol-
vent are shown in Figure 2, comparing with the Fig-
ure 1, the similar phenomena are observed. With the
increase of PPy content, the fibers are encased by
the formed PPy firstly (from 14.0% to 29.0%) just as

Figure 2 SEM images of various contents of PPy in M-PPy/PPF composite (a) 14%; (b) 19.7%; (c) 29%; (d) 33.4%; (e)

35.1%; and (f) 44%.
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Figure 3 The schematic illustration of the cell (1) and the relationships between the conductivities and the actual PPy
contents in PPy/PPF composites (2) at room temperature, curve a is the A-PPy/PPF composite, curve b is the M-PPy/

PPF composite.

in Figure 2(a—c). Then a thick and crinkly layer of
PPy is deposited [Fig. 2(d—f)], compared with A-
PPy/PPF, the pores of the PPF can still be observed
when the content of PPy reaches 44.0%.

The conductivities of the composites have been
measured based on the convenient four-probe tech-
nique and the plot of conductivities versus the PPy
content is shown in Figure 3, from which it is possi-
ble to observe that the conductivity increases with
the augmentation of the PPy content in the initial
stage for both kinds of composites. The difference is
that the conductivities have almost not changed
with the increase of PPy content for M-PPy/PPF af-
ter the conductivity reaching the maxim, while dra-
matically decrease with the increment of content of
PPy for A-PPy/PPF [Fig. 3(2)b-a]. The optimum
conductivity of A-PPy/PPF reaches 0.61 S cm ™' for
the sample containing 8.0% PPy, while the maxi-
mum conductivity of M-PPy/PPF is 0.37 S cm ™!
when the PPy content reaches 34.1%. It is well
known that the synthesized PPy from nonproton sol-
vent exhibits higher conductivity than that from
proton solvent, so the maximum conductivity for
A-PPy/PPF is higher than that for M-PPy/PPF. It
should be noted that FeCl;-6H,O exhibits a higher
solubility in methanol than that in acetonitrile, so
more FeCls-6H,O can be dissolved in the methanol
completely while not in acetonitrile. In low content
of FeCl;-6H,O, the formed PPy enwraps the PP
fibers and the conductivity increases with the aug-
mentation of the FeCl;-6H,0 in the acetonitrile, yet,
with the content of FeCl;-6H,O increasing further-
more, the undissolved FeCl;-6H,0O particles disperse
between the pores and the fibers, the formed PPy
particles contact loosely when the thickness of the
composite becomes large dramatically, so the con-
ductivity reaches the maximum and then decreases
with the increment of the FeCl;-6H,O. However,
FeCl;-6H,0 exhibits high solubility in methanol, the
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PPy formed on the surface of the PP fibers although
the content of FeCl;-6H,O in methanol is higher, the
thickness of the composite increases with the decre-
ment of the resistance, so the conductivity almost
remains constant when the conductivity reaches the
maximum.

Electrochemical characterization of the capacitor
cells of PPy/PPF composite

Cyclic voltammerty method is used to characterize
the capacitor cells assembled by the PPy/PPF com-
posites and the results are shown in Figure 4. From
the CV curves, it can be seen that the curves at dif-
ferent scan rates show no redox peaks for A-PPy/
PPF and M-PPy/PPF in the whole voltage range
during both positive and negative sweeps, indicating
that the electrode is charged and discharged at a
pseudoconstant rate over the whole CV process, and
the shapes of the CV curves are rectangular-like
with the almost symmetric I-E responses [Fig. 4(a,b)]
when the CV scan rate is lower than 100 mV s
This is corresponding to the rapid current response
on voltage reversal at each end potential and it is in
accord to the ideal capacitive behavior, indicating
that the composites can be used as the candidate for
electrochemical capacitors. From the figure, it is also
found that the CV curves shapes of the cells pre-
pared by A-PPy/PPF show more rectangular-like
form than that of M-PPy/PPF, which illustrates that
the A-PPy/PPF material exhibits better capacitive
property than M-PPy/PPF composite. Furthermore,
cells prepared by the A-PPy/PPF retain the rectan-
gular-like CV curves although the scan rate increases
to 500 mV s~ !. However, the CV curves shape can
not keep rectangular-like while the CV scan rate
increases to 200 mV s~ ! for the cell prepared by the
M-PPy/PPF. The above results indicate that a very
rapid charge/discharge reaction can occur in the A-
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Figure 4 Cyclic voltammograms behaviors of PPy/PPF composite at various scan rates, (a) and (c) are the A-PPy/PPF

composite, (b) and (d) are the M-PPy/PPF composite.

PPy /PPF composite because the A-PPy/PPF exhibits
higher conductivity and thin layer structures. It is
known that the redox reactions occurring on the PPy
attend by the doping-undoping counter ion (Cl7) in
the matrix of the conducting polymer from the elec-
trolyte,™ the diffusion of ions from the electrolyte
can access to almost all available space at low scan-
ning rates, leading to a complete insertion reaction.
However, with the increase of the scan rates, the
effective interaction between the matrix and the elec-
trolyte reduces greatly, the deviation from rectangu-
larity of the CV becomes obvious.

To analyze the variation of capacitance with vary-
ing scanning rate, the specific capacitance of the cell
can be calculated by eq. (2) based on CV curves.

C=Q/V= /idt/AV @)

where the i is the current, df is the scanning time
span, and AV is the total potential range of the volt-
age window. Figure 5 shows the specific capacitance
variations of the cells prepared by using A-PPy/PPF
and M-PPy/PPF composites as electrode with scan
rate ranging from 40 to 800 mV s . It can be seen
that A-PPy/PPF composite has a consistent higher

specific capacitance than M-PPy/PPF composite,
although the specific capacitances of A-PPy/PPF
and M-PPy/PPF composite electrodes all decrease
gradually with the increasing scan rate. This result is
attributed to the fact that A-PPy/PPF composite has
high conductivity and thin layer with the porous
structure, which makes the counter ion be easily
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Figure 5 The specific capacitances of the PPy/PPF com-
posite electrodes, a curve is the A-PPy/PPF composite, b
curve is the M-PPy/PPF composite.
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Figure 6 Discharge curves of PPy/PPF composite at vari-
ous discharge rates: (a) the A-PPy/PPF composite and (b)
the M-PPy/PPF composite.

doped and undoped in the matrix of the polymer,
and form a large number of electrochemically active
sites.

The galvanostatic charge/discharge is also carried
out at various rates within the potential between
—0.5 V and 0.5 V and the results are shown in Fig-
ure 6. The charge/discharge process of the electro-
chemical redox reaction between the electrode and
electrolyte is shown as follows:

[PPy’] + ClI- — [PPy"|Cl™ + e~
[PPy"] + e~ — [PPy"] + Cl~

For a fully charged state of the cells, the anodic pro-
cess is neutral because the PPy does not have any n-
doping ability. The cathodic process is the fully oxi-
dized state and charge neutrality is maintained by
the chloride ions. During the discharge process, the
PPy in the cathodic process is reduced and the anode
is oxidized to reach the same potential state, and the
counter-ions ejected from the cathode are inserted in
the anode electrode to maintain charge neutrality.
Figure 6(a) shows the discharge curves of the A-PPy/
PPF composite at various discharge current densities,
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the curves are almost linear in the whole potential
range, whereas, Figure 6(b) shows the discharge
curves of the M-PPy/PPF composite, and the curves
are not as straight as Figure 6(a), which means A-
PPy /PPF has good capacitive behavior.

Figure 7 shows the typical galvanostatic charge/
discharge curve of PPy/PPF composite in 1.0M KCl
electrolyte at a current density of 20 mA cm 2. The
capacitor cell based on A-PPy/PPF composite exhib-
its a triangular-shape charge/discharge curve, and a
small iR drop is observed, indicating a highly con-
ductive characteristic of the composite. However, the
discharging curve of the capacitor fabricated from
M-PPy/PPF composite shows two voltage stages in
the ranges of 0.5-0.30 V and 0.3 V to —0.5 V, respec-
tively. The former stage with a relatively short dis-
charging duration is ascribed to EDL capacitance;
while the latter stage with a much longer discharg-
ing duration is associated with the combination of
EDL and Faradaic capacitances of PPy component.
Yet, iR drop is much higher than that of A-PPy/PPF
composite capacitor. This result reflects that the in-
ternal resistance of the latter device is much higher
than that of the former. Low internal resistance is of
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Figure 7 Charige /discharge curves of PPy/PPF composite
at 20 mA cm ° current density, (a) the A-PPy/PPF com-
posite and (b) the M-PPy/PPF.
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great importance in energy storing devices for less
energy will be wasted to produce unwanted heat
and electronic transportation during charging/dis-
charging processes. Thus, A-PPy/PPF composite is
more suitable for fabricating safe and power-saving
capacitors compared with M-PPy/PPF composite.

The discharge capacitance may be calculated from
the eq. (3):

Cpu = IAt/AVm 3)

where C,, is the specific capacitance, I is the charge/
discharge current, At is the discharge time, AV is the
potential window, and m is the mass of active mate-
rial. The specific capacitance calculated from the
data in Figure 6 is shown in Figure 8. The specific
capacitance decreases slightly when the current
increases.

EIS is a useful experimental tool to characterize
frequency response of the electrochemical capacitor.
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EIS provides information on the charging/discharg-
ing progress, electronic/ionic conductivity of the
electrode materials, and the equivalent series resist-
ance. All the spectra exhibit a semicircle in the high-
frequency region and a linear portion at the low-fre-
quency region. The intercept of the semicircle in the
high-frequency region at the real axis represents the
internal resistance, which is related to the intrinsic
electrical resistance of the active materials, the elec-
trolyte resistance, and the contact resistance at the
interface between the active materiel and current
collector. The change in intercept is largely affected
by the electrical resistance of the active materials
because the other factors are under similar condi-
tions.*> Figure 9(a) represents the Nyquist plots
obtained at open-circuit potentials for PPy /PPF com-
posites. As pointed out before, a single semicircle in
the high-frequency region and a straight line in the
low-frequency region for both curves are observed.
From the inset in Figure 9(a), a small semicircle is
observed in the high-frequency region, which repre-
sents a parallel combination of the resistive and
capacitive components. The charge-transfer resist-
ance of A-PPy/PPF is smaller than that for M-PPy/
PPF, which is an important factor in the fast redox
systems such as electrochemical capacitor. A straight
line can be seen in the low frequency, the straight
line of A-PPy/PPF composite electrode leans more
towards imaginary axis, indicating that it has better
capacitive character. For electrochemical capacitors,
the majority of their capacitance is only available at
low frequency, so attention should be paid to the
data in this range in the EIS spectra.** Figure 9(b)
presents the conversion capacitance obtained from
EIS of the PPy/PPF composites. The capacitance val-
ues are obtained from the following eq. 4)*:

Co = —1/2nmfZ" (4)
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(1) Nyquist plot of the PPy/PPF composite. (2) The plots of capacitance versus frequency for the PPy/PPF com-

posites, a curve is the A-PPy/PPF composite and b curve is the M-PPy/PPF composite.
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Here, C,, is the specific capacitance, f is the fre-
quency, Z” is the imaginary part of EIS, and m is
the mass of active material. When the frequency
increases, the capacitance of all samples decreases,
and at high-frequency region the capacitors behave
like a pure resistance, which indicates that the
electrolyte ions can not be doped or undoped into
the matrix under high frequencies. It is found that
A-PPy/PPF has a higher capacitance at low-fre-
quency range compared with M-PPy/PPF, which
is consistent with CV and charge/discharge data.
It should be noted that the specific capacitances
values of the samples at 0.01 Hz are deviated from
those derived form CV and charge/discharge test,
which is mainly due to the different testing sys-
tems applied.

CONCLUSIONS

The composite materials of PPy/PPF with various
contents of PPy have been synthesized successfully
in situ by chemical oxidation polymerization in the
pyrrole vapor. And the presented PPy/PPF compos-
ite material is lightweight, flexible, and mechanically
robust. The composite prepared from acetonitrile so-
lution of oxidant exhibits the maximum conductivity
at 8.0% PPy content, the specific capacitance of ca-
pacitor cell assembled by the A-PPy/PPF composite
is approximately 72.5 F g '. Furthermore, electro-
chemical measurements show that the 8.0% A-PPy/
PPF composite possesses excellent charge/discharge
properties at high scan rate. The uses of these types
of composite materials may be found in flexible
energy storage devices.
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