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The composites of polypyrrole/manganese dioxide/polypropylene fibrous films (PPy/MnO,/PPF) have
been prepared in situ through chemical oxidation polymerization by using the mixture of FeCl;-6H,0
and MnO, adsorbed on PPF as oxidant in the atmosphere of pyrrole vapor at room temperature. The
morphologies and structures of the composites are investigated by using scanning electron microscope
and X-ray diffraction spectroscopy. The properties of the capacitor cells assembled by the composites of
PPy/MnO; /PPF are evaluated by cyclic voltammetry, galvanostatic charge/discharge and electrochemical

Iégﬁvgzgfng polymer impedance spectroscopy methods. The results reveal that the morphologies, conductivities and capac-
Polypyrrole itance performance of the composites are influenced strongly by the content of MnO, in the solution

MnO, of oxidant. The capacitors assembled by PPy/MnO,/PPF exhibit the property of quick charge/discharge,
and the highest specific capacitance of about 110Fg~! is obtained when the PPy/MnO; content in the
composite is about 17.4%.

Supercapacitor, Polypropylene
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1. Introduction

Recently, much attention has focused on the electrochemi-
cal capacitors which will be developed as novel energy-storage
devices owing to their high power density, long life cycles, and
high efficiency [1-9]. Generally, two types of supercapacitors can
be constructed based on the kind of the electrode materials: one is
the electrical double-layer capacitor which utilizes mainly the sep-
aration of the electronic and ionic charges at the interface between
electrode materials and the electrolyte solution [10,11], the other
is the pseudo-capacitor based on the Faradaic redox reactions
occurring within the active materials of electrodes [12,13]. Car-
bon materials with high surface area such as carbon nanotubes,
active carbon and graphene have been widely investigated for
double-layer capacitor. As an ideal candidate for pseudo-capacitor
electrodes, polypyrrole (PPy) has attracted considerable attention
[14-16] owing to its high electrical conductivity, the excellent sta-
bility for redox and the benign property to environment [17-20]. To
date, various methods of polymerization including polymerization
in solution [21], in vapor phase [16,19,22] and under supercriti-
cal conditions [23] have been applied to prepare PPy with various
microstructures.
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Recently, many attempts have been made in the energy stor-
age devices consisting of entire nonmetal components in order
to fit the development of flexible and wearable electronics. The
flexible electrodes based on the conducting polymer are usu-
ally fabricated until now by depositing conducting polymer on
the nonmetal flexible substrates. The composite can combine the
properties of the constituents and make it possible to overcome
the drawbacks of the individual substances [24-27]. For exam-
ple, the electrodes fabricated by depositing PPy on the carbon
fibers, celluloid and polysaccharide fibers have been investigated
as the material of capacitors [28-35]. On the other hand, it is
well known that electrochemically active metal oxide such as
MnO,, one of the most stable manganese oxides, exhibits excel-
lent physical and chemical properties under ambient condition
besides the rich polymorphism and structural variety and has been
widely used in the fields of catalysis, biosensor and energy stor-
age [36-40]. It is expected that the excellent properties may come
into being when the properties of PPy and MnO, are combined
together.

In present work, the flexible composites of PPy/MnO, /PPF will
be conveniently prepared through a simple route of polymeriza-
tion in situ vapor phase. During the process the electrochemically
active material of PPy/MnO, will combine with the substrate of
PPF which exhibits good mechanical property, flexibility, chemical
resistance and relatively high surface-to-mass ratio. It is expected
that the composites will exhibit the flexibility as well as the porosity
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and fit the characteristics of electrodes applied in electrochemical
capacitor.

2. Experimental
2.1. Reagents and materials

Acetonitrile, anhydrous ethanol, KCl, KMnO4, MnSO4-H,0 and
FeCl3-6H,0 were analytical grade and used without further purifi-
cation. Pyrrole was distilled under reduced pressure prior to use
and stored at a temperature less than 5°C. The PPF formed by
polypropylene micro-fibers with many cumulate pores and a
thickness of about 450 wm was purchased from Cullender Fac-
tory of Guodian. The nano-sized MnO, were synthesized under
hydrothermal condition according previous method [41]. In a
typical procedure, equal volume of KMnO4 (0.05molL-1) and
MnSO4-H,0 (0.075molL-!) solutions were mixed and stirred
strongly until a homogeneous solution was formed. Then the mix-
ture was transferred into a Teflon-lined autoclave with a stainless
steel shell, subsequently, the autoclave was heated and kept at
140°Cfor 15 h. After cooling, the product was collected and washed
with distilled water and anhydrous ethanol several times, and dried
under vacuum at 60°C.

2.2. Preparation of the flexible composites of PPy/MnQO,/PPF

The flexible PPy/MnO, /PPF composites were prepared by using
FeCl3-6H,0 dissolved in acetonitrile containing various amount of
MnO, as oxidant to react with the pyrrole vapor in an airtight ves-
sel at room temperature. In a typical process, the PPF films were
soaked in the solution of FeCl3-6H,0 (360 mg mL~1) containing var-
ious amounts of MnO, for 15 min under ultrasonic condition. After
the excess solution was eliminated by a filter paper, the PPF films
containing the mixture of FeCl3-6H,0 and MnO, were suspended in
a sealed vessel where the oxidant reacted with the pyrrole vapor at
room temperature for 4 h. Finally, the composite of PPy/MnO,/PPF
was dried in vacuum at room temperature for 12 h after the impu-
rity being removed through washing with ethanol several times.
The content of PPy/MnO, in the composites was determined by
the weight of the composites and PPF. The PPy/MnO,/PPF pre-
pared by using FeCl5-6H, 0 acetonitrile solution containing 3, 5 and
6mgmL-! MnO, as oxidant were named as composites a, b and c,
respectively. The content of PPy/MnO, in the composites was mea-
sured to be about 10.0, 17.4 and 23.4% in the composites a, b and c,
respectively.

2.3. Characterization

The morphologies of the PPy/MnO,/PPF were observed on a
scanning electron microscope (JEOL SEM 6701F) and the X-ray
diffraction (XRD) patterns were recorded on a Bruker D8 Advance
X-ray diffractometer (Cu Ka) in the 26 range of 10-80°. The electri-
cal conductivities were measured by using the standard four-probe
technique. The capacitor cells were assembled by using two same
pieces of PPy/MnO,/PPF composite (one oxidized and the other
reduced) as the two electrodes, and a piece of filter paper soaked
with 1.0molL-! KCl was used to separate the two pieces of
PPy/MnO, /PPF (Fig. 2A). Two platinum foils contacted with the
composites were used as the current collectors while two pieces
of polyvinylchloride plates were utilized to coat and stabilize the
cell. The electrochemical measurements were carried out on a CHI
660 C electrochemical station by using double-electrode technique.
The measurements of cyclic voltammetry (CV) were performed in a
potential range of —0.5 to 0.5 at different scan rates. Galvanostatic
charge/discharge curves were recorded at varying current densi-
ties with the cutoff voltage of —0.5 and 0.5 V. The electrochemical
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Fig. 1. The XRD patterns of MnO, nanoparticles as prepared (a), PPy/PPF (b) and
PPy/MnO, /PPF containing 32.7% PPy/MnO, (c).

impedance spectra (EIS) were recorded at open-circuit potential
in the frequency ranged from 100,000 to 0.01 Hz with ac-voltage
amplitude of 5 mV.

3. Results and discussion
3.1. The characteristic of the XRD patterns

As displayed in Fig. 1, the XRD pattern of the nano-sized MnO,
prepared by hydrothermal method at 140°C (Fig. 1a) shows two
sets of diffraction peaks which can be assigned to tetragonal o-
MnO, (JCPDS No. 44-0141) and orthorhombic y-MnO, (JCPDS No.
14-0644), respectively [42]. The average diameter of a-MnO, is
determined to be about 4.5 nm according to the Scherrer formula
(d=0.89)/Bcos6). The composite of PPy/PPF shows a broad peak
centered at 33.5° (Fig. 1b), which is corresponding to the closest
distance of the planar aromatic rings in the PPy with amorphous
structure [43]. At the same time, the peaks located at 15-25° can
be assigned to the diffraction resulted from polypropylene [44].
The composite of PPy/MnO, /PPF shows the diffraction peaks cor-
responding to MnO, at 28.8, 37.5 and 49.8° besides the diffraction
peaks related to PPy and polypropylene (Fig. 1c), indicating that the
composite has been formed.

3.2. Conductivity and morphology

Fig. 2A shows the structural illustration of the capacitor cell
assembled by the composites. Fig. 2B shows the plots of the con-
tent of PPy/MnO, in the composites and the conductivities of the
composites versus the amount of MnO,, in the oxidant solution. It is
found that the content of PPy/MnO, increases with the increment
of MnO, in the acetonitrile solution of FeCl3-6H,0, for example,
the content of PPy/MnO-, in the composites is 3.4, 10.0, 17.4, 23.4
and 32.7% when the content of MnO, in oxidant solution is 1.0,
3.0, 5.0, 6.0 and 7.0 mg ml~1, respectively. The reason may be that
more MnO, particles are favorable for the adsorption of the oxidant
solution on the fibers. It is also found that the conductivity of the
composites increases with the increment of MnO; in the oxidant
solution. Furthermore, the conductivity of the composite is almost
kept constant after reaching the maximum of about 1.02Scm™!
when the content of MnO, in oxidant solution is about 7mgml-1.

From Fig. 2C, it can be found that the composite containing
23.4% PPy/MnO, can be bent easily. The flexibility of the compos-
ites is fairly good when the content of PPy/MnO, is no more than
23.0%. However, the flexibility of the composite containing 32.7%
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Fig. 2. Schematic image of the capacitor cell (A) and the relationship between the content of PPy/MnO, and conductivities and the amount of MnO, in FeCl3-6H,0 solution
(B). Left: conductivity, right: percent ration of PPy/MnO, in the composites, the photograph of the composite containing 23.4% PPy/MnO, under bent condition (C) and the

relationships between the conductivities of the composites and the bend numbers (D).

PPy/MnO, becomes bad and some PPy/MnO, particles flake off the
composite when the film is bent. Furthermore, the conductivities of
the composite of a, b and c are also measured by four-probe tech-
nique after certain times of bend. The relationships between the
conductivities of the composites and the bend numbers are shown
in Fig. 2D, from which it can be seen that the conductivities of the

g S

composites decrease slightly with the increment of the bent times,
and that the decline of the conductivity of composite b exhibits a
more gentler trend than that of composites of a and c, indicating
that composite b will exhibit better property.

The SEM image of the PPF is shown in Fig. 3A, from which it can
be seen that the surface of the fibers is smooth and the diameter of

Fig. 3. SEM images of (A) pristine PPF film, and the SEM images of composite PPy/MnO, /PPF containing different PPy/MnO; 3.4% (B), 10.0% (C), 17.4% (D), 23.4% (E) and 32.7%

(F), the inserted SEM image in (B)-(F) are recorded for the thickness of the PPy layer.
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Fig. 4. CV behaviors of the capacitor cells assembled by PPy/MnO,/PPF composites a (A), b (B) and c (C), and the plots of specific capacitances of the capacitor cell prepared

by PPy/MnO, /PPF composites a, b and c (D).

the fibers ranges from 3 to 6 .m except some fibers with a diameter
larger than 10 wm, and that the cumulate pores ranged from sev-
eral hundred nanometers to several micrometers are observed on
the surface of PPF. However, the morphologies of PPy/MnO,/PPF
(Fig. 3B-F) are obviously different from that of PPF, for example,
the surface of the fibers becomes coarse because the composite
of PPy/MnO; has formed on the surface of polypropylene fibers.
Furthermore, the morphologies of PPy/MnO, /PPF change with the
increment of the MnO, content in oxidant solution. It is noted that
some particles are dispersed on the surface of polypropylene fibers
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coated with a layer of PPy/MnO, (Fig. 3B and C) when the content of
MnO, in oxidant solution is as low as 0.5 and 3.0 mg ml~'. As shown
in Fig. 3D and E, the wrinkly and coarse layers of composite have
appeared on the surface of polypropylene fibers when the MnO,
content increases to 5.0mgmL~!, and the PPy/MnO, particles are
believed to be present not only on the surface of the composite but
also in the interior of the composite. Finally, the pores dispersed on
the surface have been filled with the formed product (Fig. 3F) when
the content of the MnO, increases to 7.0 mgmL~! or ever further
in the oxidant solution. It is interesting to find from the inserted
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Fig. 5. Charge/discharge curves of PPy/MnO,/PPF composite containing different amounts of PPy/MnO at current density of 1.0 Ag~" (A) and charge/discharge curves of the

cell assembled by PPy/MnO, /PPF composite b at various current densities (B).
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Fig.6. Charge/discharge cycling curves of the cells prepared by PPy/MnO, /PPF com-
posites a (A), b (B) and c (C) at current density of 2.0Ag~'.

SEM images in Fig. 3B-F that the PPy layer does not closely contact
the PP fibers, and there is some spacing between the PPy layer and
surface of PP fiber. The thickness of the PPy layer in the composites
increases slightly with the increment of the content of PPy/MnO,,
for example, the thickness of PPy is about 99, 137, 162, 170 and
199 nm when the content of PPy/MnO, is about 3.4,10.0,17.4,23.4
and 32.7% in the composites.

In low content of MnO,, the formed PPy/MnO, particles and
PPy enwrap the PP fibers and the conductivity increases with the
increment of the MnO, in the oxidant solution because of the incre-
ment of conducting material; yet, the thickness of the composite
films increases and the resistance decreases with the increment
of MnO, in the FeCl3-6H,0 solution, so the conductivity almost
remains changeless when reaching the maximum.
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Fig. 7. Discharge capacitance of the capacitors assembled by PPy/MnO;/PPF com-
posite at various discharge current densities.

3.3. Electrochemical properties of the capacitor cells assembled
by PPy/MnO,/PPF

The curves of CV for capacitor cells assembled by the
PPy/MnO, /PPF films are recorded at different scan rates and shown
in Fig. 4A-C. It can be found that the curves at different scan rates do
not show redox peaks corresponding to either PPy or MnO, in the
whole voltage range during the both positive and negative sweeps,
indicating that the electrode is charged and discharged at a pseudo-
constant rate over the whole CV process. The shapes of the curves
are rectangular-like with the almost symmetric I-E responses when
the scan rates are lower than 100mV s~! which are corresponding
to the rapid current response on voltage reversal at each end poten-
tial and accord to the ideal capacitive behavior. It can be also found
that the curves of CV shown in Fig. 4B display more rectangular-like
than that shown in Fig. 4A and C, which illustrates the composite
b exhibits better property of capacitor than composites a and c.
Furthermore, the capacitor cells assembled by composite b remain
rectangular-like CV curves while the cells prepared by the com-
posites a and ¢ cannot keep rectangular-like curves when the
scan rate increases to 200mV s~1. The above results indicate that
rapid charge/discharge reaction can occur in composite b because
it exhibits the optimal conductivity and structures modified by
MnO,, which is favorable for the motion of counter ion in the
polymer matrix. It is well known that the redox reactions occur-
ring on the PPy mainly attend by the doping-undoping counter
ion (CI7) in the matrix of the polymer [26], and the ions diffused
from the electrolyte have access to almost all available spaces
at low scanning rates, leading to a complete insertion reaction.
However, with the increase of the scanning rates, the effective
interaction between the matrix and the electrolyte will reduce
greatly, so the deviation from rectangularity of the CV becomes
obvious.

In order to analyze the variation of capacitance with varying
scanning rate, the specific capacitance of the cell can be calculated
based on CV curves according to equation:

where i, dt and AV are the current, the scan time span and the
total potential range of the voltage window, respectively. Fig. 4D
shows the plots of specific capacitance variations of the cells pre-
pared by using PPy/MnO,/PPF composites as electrode versus scan
rate ranging from 10 to 200mVs~!. It can be seen that specific
capacitance decreases gradually with the increment of the scan
rate, which is attributed to the fact that the doping-undoping
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reaction in the PPy/MnO, /PPF composite becomes incomplete with
the increment of scan rate. Furthermore, it is found that the capac-
itors assembled by composite b exhibit larger specific capacitance
than that assembled by composites a and c.

Fig. 5A shows the charge/discharge curves of the cells prepared
by PPy/MnO,/PPF with different amounts of PPy/MnO, at current
density of 1.0Ag~! and the curve b shows longer discharge time
than curve a and ¢, which also indicates that composite b has better
capacitance property than composites a and c. Fig. 5B shows the
typical galvanostatic charge/discharge curves of the cell assembled

by composite b at current densities of 1,2,5and 10Ag~1, itis found
that the charging curves are very symmetric to their discharging
counterparts in the whole potential region, and that the slope of
every curve is potential-independent and maintained a constant
value during the charging and discharging progress, indicating its
excellent behavior of capacitance.

The galvanostatic charge/discharge cycling curves of the
cells assembled by PPy/MnO,/PPF composite containing different
amounts of PPy/MnO, at current density of 2Ag~! are shown in
Fig. 6, from which it is found that the cells assembled by composite
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Fig. 9. The CV curves of the cells assembled by the composites a (A), b (B) and ¢ (C) under successive CV scan at 50mVs~', and the relationships between the specific

capacitance of the cells and the cycle numbers (D).
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b exhibit better stability compared with composites a and c. The
discharge capacitance can be calculated from the equation:

I At

Cim = AVm

(2)

where Cp, I, At, AV and m are the specific capacitance,
charge/discharge current, discharge time, the potential window
and the mass of active material in the cell, respectively. From the
specific capacitance shown in Fig. 7, it can be seen that the spe-
cific capacitance decreases slightly when the discharge current
increases for all the cells assembled by the composites, but the
cell assembled by composite b shows slighter decrement than that
assembled by composites a and c.

EIS, as a useful experimental tool to characterize the frequency
response of the electrochemical capacitor, can provide the elec-
tronic/ionic conductivity of the electrode materials during the
charging/discharging progress. All the spectra are expected to
exhibit a semicircle in the high frequency region and a linear por-
tion at low frequency region. The interception of the semicircle
at the real axis in the high frequency region represents the inter-
nal resistance related to the intrinsic electrical resistance of the
active materials since the conditions of measurement are kept the
same [45]. Fig. 8A represents the Nyquist plots of the capacitor cells
determined at open circuit potentials. As pointed out before, a sin-
gle semicircle in the high-frequency region and a straight line in
the low-frequency region are observed. From the inserted plots,
it is found that the charge-transfer resistance of the cell assem-
bled by PPy/MnO,/PPF composite b is the smallest, which is an
important factor in the fast redox systems such as electrochemical
capacitor. In the low frequency, the straight lines almost parallel
with imaginary axis for all the cells assembled by PPy/MnO, /PPF,
especially those by composite b are observed, indicating that the
composite exhibits an ideal capacitive behavior. For electrochem-
ical capacitors, the majority of their capacitance is only available
at low frequency, so attention should be paid to the data in this
range [46]. Fig. 8B presents the capacitance obtained from EIS for
the capacitor assembled by the composites based on the following
equation [47]:

-1

Cm = 2mfZ”

3)

Here, Cy, is the specific capacitance, f the frequency, Z” the imag-
inary part of EIS and m the mass of active material in the cell.
The capacitance of all the capacitors decreases with the increase
of the frequency and behaves like a pure resistance in high fre-
quency region, which reveals that the electrolyte ions cannot be
doped/undoped in the matrix of polymer. It is also found that com-
posite b exhibits a higher specific capacitance at low frequency
range compared with composites a and ¢, which is consistent
with the results obtained from CV and charge/discharge data. It
should be noted that the specific capacitances values of the capac-
itor cells at 0.01 Hz are deviated from those derived form CV and
charge/discharge test, which is mainly due to the different testing
systems applied.

As the service life is a very important factor for the electrochem-
ical capacitors’ electrodes, so the stability of the cells assembled
by the composite has been evaluated by using CV method at a
scan rate of 50mVs~! and the results shown are in Fig. 9. It can
be found that the rectangular shapes of the CV curves are almost
maintained despite the diminution of specific capacitance with the
continuous charge/discharge processes reaches up to 1500 cycles.
Furthermore, the specific capacitance of the cells prepared by com-
posites a, b and c retains 83%, 94% and 92% of the initial capacitance,
respectively. The 94% specific capacitance retention over 1500 CV
cycles can illustrate that the composite b exhibits good stability

and may be developed as a suitable material for electrochemical
capacitors applications.

4. Conclusions

The composites of PPy/MnO,/PPF with various contents of
MnO, have been synthesized successfully in situ by chemical oxi-
dation polymerization in the pyrrole vapor. And the presented
PPy/MnO,/PPF composite is lightweight, flexible and mechani-
cally robust electrode material. The specific capacitance of the
cells assembled by the optimum PPy/MnO,/PPF is approximately
110Fg~! based on the active material. The electrochemical mea-
surements also show that the capacitors prepared by the optimum
composites possess excellent charge/discharge properties at high
scanning rate. These types of composite materials may be applied
in flexible energy storage devices.
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