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ABSTRACT: The carbon nanotubes (CNTs) have been loaded on the melamine foam (MF) to form the composite (CNTs/MF) by dip-
dry process, then polypyrrole (PPy) is coated on CNTs/MF (PPy/CNTs/MF) through chemical oxidation polymerization by using
FeCl;-6H,0 adsorbed on CNTs/MF as oxidant to polymerize the pyrrole vapor. Finally, CNTs are coated on the surface of PPy/CNTs/
MF to increase the conductivity of the composite (CNTs/PPy/CNTs/MF) by dip-dry process again. The composites have been charac-
terized by X-ray diffraction spectroscopy, scanning electron microscopy and electrochemical method. The results show that the struc-
ture of the composites has obvious influence on their capacitive properties. According to the galvanostatic charge/discharge test, the
specific capacitance of CNTs/PPy/CNTs/MF is about 184 F g~ ! based on the total mass of the composite and 262 F g~ ' based on the
mass of PPy (70.2 wt % in the composite) at the current density of 0.4 A g~ ', which is higher than that of PPy/CNTs/MF (120 F g~ !
based on the total mass of the composite and 167 F g~ ' based on the mass of the PPy). Furthermore, the capacitor assembled by
CNTs/PPy/CNTs/MF shows excellent cyclic stability. The capacitance of the cell assembled by CNTs/PPy/CNTs/MF retains 96.3% over
450 scan cycles at scan rate of 20 mV s~ ', which is larger than that assembled by CNTs/PPy/MF (72.5%). © 2013 Wiley Periodicals, Inc.
J. Appl. Polym. Sci. 2014, 131, 39779.
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about 110 F g~ '. Recently, the composites of graphene and pol-
yaniline nanofibers have bee fabricated by Wu et al.'® through
vacuum filtration and show large electrochemical capacitance of
about 210 F gfl. However, most of the reported C is calcu-

INTRODUCTION

The worldwide scientists and engineers have made various
attempts in order to address the rapidly increasing global energy
consumption coupled with the critical issue of climate change.
Recently, there has been tremendous interest in flexible energy
storage devices for applications in emerging flexible devices
including portable wearable electronic devices,'™ solar cells,*
flexible chemical batteries,”” and flexible supercapacitors.®’
Among various energy storage devices, supercapacitors have
been considered as one of the most promising candidates owing
to their high power density, long cyclic lifetime, safety, and low
environmental impact.'®™"? Various materials with high surface
area and conductive polymers have been employed as electrodes
in supercapacitors to achieve high capacitance. Kim et al.'*
fabricated the polypyrrole (PPy)-based electrodes for energy

lated according to the mass of active materials but not to the
mass of the total electrodes. Furthermore, the proportion of the
active material in the composites is only about 8-50%,'*"
which makes the capacitance of total electrodes relatively lower
because of the constraints of low active material proportion.
Therefore, it is interesting to find new substrate materials to get
rid of the constraints of the low loading of the active materials.
The melamine foam (MF), a cellular structure with open
cells,'"*?° has stimulated much interest because of its large pore
size (100-150 pum) and the low bulk density (10.3 kg m ).

These features facilitate it to prepare composite materials

have

storage applications using cellulose as substrate and the gravi-
metric charge capacity can reach 250 F g~ '. Jin et al.'” have
prepared the flexible composites of PPy/MnO,/polypropylene
fibrous membrane through the polymerization in situ vapor
phase and the specific capacitance (C,.) is calculated to be

including metal and nonmetals.

On the other hand, there is a considerable interest in conducting
polymers because of their extensive potential applications in areas
such as energy-storage and separations, catalysts, and chemical
sensing. Among all of the conducting polymers, PPy has attracted

Additional Supporting Information may be found in the online version of this article.
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considerable attention owing to its high electrical conductivity,
the excellent stability for redox and the benign property to envi-
ronment. As an excellent candidate for pseudo-capacitor electro-
des, coating PPy on various substrates has been reported. For
example, the PPy decorated on cellulose has been used in energy
storage applications.'* Liu et al. have deposited ultra-thin PPy
layers on the highly conductive carbon substrate.”” We have
deposited the composite of PPy/MnO, on polypropylene fibrous
membrane through a simple route of vapor polymerization.'” In
order to increase the C, of conducting polymers further, there
have been many attempts to synthesize composite to compensate
for the limitation of each individual material in electrochemical
capacitors. Carbon nanotubes (CNTs) are considered to be a
attracting material for composites.”>>” Recently, composites of
CNTs with metal oxides”**** and conducting polymers*** have
been synthesized and investigated. The results show that the pres-
ence of CNTs can improve the capacitive property due to its high
conductivity. However, there are few literatures on the composite
of PPy and MF used in electrical energy storage till now.

Here the composites deposited on the MF consisting of CNTs
and PPy are prepared and used as the electrodes for supercapa-
citors. First, CNTs are loaded on the MF by dip-dry process,
and then PPy is conveniently synthesized through a route of
vapor polymerization in situ.'> In order to improve the conduc-
tivity of the composites, CNTs are coated on the composite
again by dip-dry process. Considering the structure of ME, it is
expected that the composites will contain large ratio of active
materials, and exhibit good flexibility.

EXPERIMENTAL

Reagents and Materials

Acetonitrile, anhydrous ethanol, anhydrous methanol, KCI, and
FeCl;-6H,O were of analytical grade and used without further
purification. Pyrrole (A.R., Shanghai Chemical Reagent) was
purified through distillation under reduced pressure and stored
at a temperature less than 5°C. The CNTs was obtained from
department of chemical engineering of Tsinghua University and
treated in mixed acid of H,SO, and HNO;.>' The MF with a
thickness of about 3.0 mm was purchased from company of
Changzhou Yiteng rubber and plastic products.

Preparation of the Flexible Composites of PPy/CNTs/MF and
CNTs/PPy/CNTs/MF

The slices of MF (10X31X3 mm, lengthXwidthXthickness)
were used as substrates for the preparation of the composites.
The original slices of MF were washed by anhydrous ethanol to
remove the impurities. Then the slices of MF were immersed in
the dispersion of CNTs (2 mg mL™"), sometimes vacuum con-
dition was used to help removing the air adsorbed in the MF.
After the MF immersed completely in the solution for 3 min,
they were taken out and dried at 80°C. To load different mass
of CNTs, the above process could be repeated different times.
The weight of CNTs loaded on the slices of MF was determined
by using a precision balances. The samples of CNTs loaded on
MF were defined as CNTs/MF.

The composite of PPy/CNTs/MF was prepared by using
FeCl;-6H,0 dissolved in acetonitrile as oxidant to react with the
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Figure 1. Construction of conventional test cell.

pyrrole vapor in an airtight vessel at room temperature. Briefly,
the CNTs/MF were soaked in the FeCl;-6H,O solution of aceto-
nitrile (50 mg mL™") for 5 min. After the excess solution was
adsorbed by a filter paper, CNTs/MF containing FeCl;-6H,O
solution was suspended in a sealed vessel where the oxidant
reacted with the pyrrole vapor at room temperature for 24 h.
Finally, the composite of PPy/CNTs/MF was dried at 80°C for 4
h after the impurity being removed through washing with etha-
nol and methanol for several times. Furthermore, the optimum
PPy/CNTs/MF composite was immerged in the dispersion of
CNTs (2.0 mg mL™") for 5 min, then it was taken out and
dried at 80°C, finally the composite of CNTs/ PPy/CNTs/MF
was obtained. In order to make a comparison, the PPy depos-
ited on the MF without loading CNTs was also prepared and
denoted as PPy/MF.

Characterization of Materials

The X-ray diffraction (XRD) patterns were recorded on a Bruker
D8 Advance X-ray diffractometer (Cu Ka) in the 20 range of
5-80° and the morphologies of the composites were observed on
a scanning electron microscope (JEOL SEM 6701F). The resistan-
ces of the composites were measured by using a multimeter
(Uni-trend Technology(China)), the mass of the CNTs and the
PPy in the composites were measured by using a precision bal-
ance (Mettler Toledo weighing equipment system).

Electrochemical Measurements

Figure 1 shows the structural illustration of the capacitor cell
assembled by the composites. The capacitor cells were
assembled by using two same pieces of composites (one oxi-
dized and the other reduced) as the two electrodes (the size of
every composite is about 5X5 mm), and a piece of filter paper
soaked with 1.0 mol L™' KCl was used to separate the two
pieces of composites. The electrochemical characteristics were
evaluated using cyclic voltammetry (CV) and galvanostatic
charge/discharge method. All the electrochemical performances
were measured by using 1.0 mol L™" KCl aqueous solution as
electrolyte on a CHI 660C electrochemical station at room tem-
perature. The C,. of the electrodes was calculated based on the
CV curves and the discharged current density ranging from 0.4
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Figure 2. The relationships of specific capacitance (according to the mass
of the active material and the total electrode) for PPy/CNTs/MF and the

content of CNTs in the composite materials by CV at 1 mV s~ ..

to 1.0 A g . The CV curves of the cell were recorded over the
voltage range of —0.5 to 0.5 V at a scan rate from 1 to 20 mV
s~ '. The electrochemical impedance spectra (EIS) were recorded
at open-circuit potential in the frequency ranged from 10° to
107 Hz with ac-voltage amplitude of 5 mV.

RESULTS AND DISCUSSION

Characterization

The relationship between the values of C. and the content of
CNTs is shown in Figure 2, it can be seen that the PPy/MF exhibits
lower C than that of all the samples of PPy/CNTs/MF, and that
the value of C based on PPy increases with increment of CNTs in
samples of PPy/CNTs/ME. For example, when the content of
CNTs in the composite reaches to about 11.3%, the value of Cg
reaches to the maximum (208.7 F gfl), and almost maintains this
level although the content of CNT5s increases further [Figure 2(a)].
However, the values of C based on the total mass of the compo-
sites exhibit a different trend. The value of C. increases with the
increment of CNTs in the composites initially while decreases with
the increase of CNTs content after the value of C. reaches to the
maximum of 155 F 5{1 at CNTs content of 11.3% [Figure 2(b)].
So the composites of PPy/CNTs/MF containing 11.3% CNTs are
chosen in the following experiments.
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Figure 3(A) shows the photographs of CNTs/PPy/CNTs/MF com-
posite in the bending state, and it can be seen that the composite
exhibits good flexibility. As displayed in Figure 3(B), it can be
seen that the XRD patterns of PPy/CNTs/MFE, CNTs/PPy/CNTs/
MF show a diffraction peak at 20 = 26° which is ascribed to the
(002) reflection of CNTs. The reflection of the chains of PPy can
not be differentiated because the diffraction peak of it overlaps
with CNTs in this region.”” However, there are no peaks related
to MF observed in the whole XRD patterns.

Scanning electron microscopy is used to reveal the microstruc-
tures of composite materials. As shown in Figure 4(A) (inserted
figure), the SEM image of the CN'Ts/MF shows that the MF has
kept a cellular structure with open cells and the surface of the
fibers is coated with CNTs. From the SEM image of the compos-
ite of PPy/MEF, it can be found that the open cells are almost
occupied by the formed PPy with porous structure, and that the
primary particles of PPy are large and the connection among the
particles is loose [Figure 4(B)]. The SEM of PPy/CNTs/MF is
presented in Figure 4(C), which is obviously different from that
of CNTs/MF and PPy/ME. It shows that PPy has formed on the
surface of fibers and in partial spaces of pores, and that the con-
nection between the PPy particles is close because CNTs are
wrapped in polypyrrole layer. The composite of CNTs/PPy/CNTs/
MF [Figure 4(D)] shows a similar characteristic to PPy/CNTs/MF
(inserted figure). Furthermore, from the magnified SEM image it
can be found that a thin layer of CNTs has coated on the PPy,
which will enhance the conductivity and improve the capacitive
performance. The resistance of the samples of CNTs/MF
decreases with the increment of CNTs content (Supporting Infor-
mation). The resistances of the samples are measured by two-
electrode and the resistivities were calculated to be about 3.45,
6.75, 2.4, and 0.75 Q - m for CNTs/ME PPy/MF, PPy/CNTs/MF,
and CNTs/PPy/CNTs/ME, respectively.

Capacitive Properties of the Cells Assembled by PPy/CNTs/
MF and CNTs/PPy/CNTs/MF

The CV curves at different scan rates for capacitor assembled by
the PPy/CNTs/MF and CNTs/PPy/CNTs/MF are recorded and
shown in Figure 5(A,B). It can be found that the curves at differ-
ent scan rates do not show obvious redox peaks in the whole
voltage range during the positive and negative sweeps, indicating
that the electrode is charged and discharged at a pseudo-constant
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H’\W | b-CNTSIPPYICNTS/MF
150} -
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Figure 3. The photograph of the CNTs/PPy/CNTs/MF composite under bending condition (A).The XRD patterns of PPy/CNTs/MF and CNTs/PPy/
CNTs/MF composites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. SEM images of (A) CNTs/MFE (B) PPy/ME (C) PPy/CNTs/MF, (D) CNTs/PPy/CNTs/ME. The inserted figures are the SEM images in low
magnification.
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Figure 5. CV behaviors of the capacitor cells assembled by PPy/CNTs/MF (A), CNTs/PPy/CNTs/MF (B), (C) and (D) show the plots of specific capaci-
tances of the capacitor cell prepared by PPy/CNTs/MF and CNTs/PPy/CNTs/ME. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6. Charge/discharge curves of PPy/CNTs/MF(a) and CNTs/PPy/CNTs/MF(b) at current density of 1.0 A g~ ' (A), charge/discharge curves of the
cell assembled by PPy/CNTs/MF, CNTs/PPy/CNTs/MF at various current densities (B) and (C).

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 10 mV s~ [Figure 5(A-iv)]. It can
be also found that the CV curves shown in Figure 5(B) display
more rectangular-like than that shown in Figure 5(A), which
illustrates that the composite of CNTs/PPy/CNTs/MF exhibits
better capacitive property than composite of PPy/CNTs/ME

It is well known that the redox reactions occurring on the PPy
mainly attend by the doping-undoping counter ion (in this case
Cl7) in the matrix of the polymer,”” and that the oxidation/
reduction peaks of PPy can be observed when very thin PPy
film deposited on the metallic electrodes is measured by using
the three-electrode system. Furthermore, the oxidation/reduc-
tion peaks of PPy become very broad with the increase of the
thickness of PPy due to the overpotential caused by the ions
diffusion in the thick films. Usually, the properties of capacitor
assembled by two pieces of PPy-based composite are tested by
two-electrode system, one piece of composite is oxidized and
the other is reduced during the test, which will make the oxida-
tion/reduction peaks of PPy more unobvious and show the rec-
tangular CV shape. At low scanning rates, the ions diffused
from the electrolyte can access to almost all available spaces and
lead to a complete insertion reaction, which will make a good
rectangular CV shape. However, with the increase of the scan-
ning rates, the effective interaction between the matrix and the
electrolyte will reduce greatly due to the slow diffusion of ions
in the matrix of polymer, so the deviation from rectangularity
of the CV becomes obvious. The rectangular-like CV curves can
only be observed at low scan rates, which indicate that the com-
posites exhibit poor properties for quick charge and discharge.
This mainly results from the large size of the formed PPy, which
increases the difficulty for ion doping-undoping in the PPy
matrix. However, the coating of CNTs on PPy surface increases
the conductivity, which can partially compensate the defect
caused by the large particles.

To analyze the variation of capacitance with varying scanning
rate, the specificapacitance of the cell can be calculated based
on CV curves according to equation:*

Csc:(JIdV)/(vaV) ()

where [ is the response current (A), AV the difference of poten-
tial during the CV tests (V), v the potential scan rate (V s,
and m the mass of the one electrode (g). Figure 5(C,D) shows
the plots of the values of C. for the composites of PPy/CNTs/
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MF and CNTs/PPY/CNTs/MF versus scan rates ranging from 1
to 20 mV s~ L It can be seen that the values of C, decrease
gradually with the increment of the scan rate. Furthermore, it is
found that the composite of CNTs/PPy/CNTs/MF exhibit larger
Ce (232 F g'l) than that of composite PPy/CNTs/MF (205 F gfl)
based on the active materials. It is also proved that CNTs coating
on PPy can improve the properties of the composites.

Figure 6(A) shows the charge/discharge curves of the cells pre-
pared by PPy/CNTs/MF and CNTs/PPy/CNTs/MF at 1.0 A g .
The curve b shows longer discharge time than curve a, which indi-
cates that CN'Ts/PPy/CNTs/MF has larger C,. than PPy/CNTs/ME.
Figure 6(B,C) shows the typical galvanostatic charge/discharge
curves of the cells assembled by PPy/CNTs/MF and CNTs/PPy/
CNTs/MF at current densities of 0.4, 0.5, 0.7, and 1.0 A gfl, it is
found that the charging curves are almost symmetric to their dis-
charging counterparts in the whole potential region. It can also be
found from Figure 6(B,C) that the IR drops increase with the
increase of the discharged current densities, and that the discharge
times are longer and IR drops are smaller in Figure 6(C) than that
in Figure 6(B) at the same discharged current density.

The C,. can also be calculated according to the discharged
curves by using the equations:

Ce=2(IAt/mAV) )

where I is the constant discharge current, At the discharging
time, m the mass of active material (when calculating the C,. of
total electrode, m is the quality of one electrode), and AV the
potential window. From the plots of C, versus the discharged
current density shown in Figure 7, it can be seen that the C
decreases when the discharge current increases for all the cells
assembled by the composites, but the composite of CNTs/PPy/
CNTs/MF shows larger C,. (262 F g~') than that of PPy/CNTs/
MF (167 F g~') and exhibit slighter trend of decrement than
that of PPy/CNTs/MF according to the active materials.
Recently, Kim et al.’>> have deposited the thin film of PPy on
platinum electrode and found that the C,. of PPy can reach to
380 F g~ '. Bose et al.’® have fabricated the graphene-PPy nano-
composite with a C,. value of 267 F g~ ' at 100 mV s~ '. Com-
pared with the similar storage devices which have reported, it is
found that our composites exhibit the moderate value of Ci
based on the active material due to the low conductivity of the
substrates and the large particles of PPy.

The repeated galvanostatic charge/discharge curves of the cells
assembled by PPy/CNTs/MF and CNTs/PPy/CNTs/MF at cur-
rent density of 0.5 A g~ ' are shown in Figure 8, it is found that
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Figure 7. Discharge capacitance of the capacitors assembled by PPy/CNTs/MF and CNTs/PPy/CNTs/MF at various discharge current densities.

the cells assembled by CNTs/PPy/CNTs/MF exhibit better stabil-
ity and smaller IR drop compared with PPy/CNTs/MF.

EIS can provide the electronic/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 portion at low-frequency region. The interception of
the semicircle at the real axis in the high frequency region repre-
sents the internal resistance related to the intrinsic electrical resist-
ance of the active materials since the conditions of measurement
are kept the same.”” The Nyquist plots representing the imaginary
part of the impedance and the real part of the composites are

shown in Figure 9(A). The single 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 assembled by CNTs/PPy/CNTs/MF is
smaller than that assembled by PPy/CNTs/ME, which is an impor-
tant factor in the electrochemical capacitor.”® This also indicates
that the out layer of CNTs in CNTs/PPy/CNTs/MF has improved
the conductivity and makes the composite having better electro-
chemical capacity compared with PPy/CNTs/ME. The cyclic stabil-
ity of the cells is one of the important factors for their practical
application. As shown in Figure 9(B), the value of C, of PPy/
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Figure 8. Charge/discharge cycling curves of the cells prepared by PPy/CNTs/MF (A), CN'Ts/PPy/CNTs/MF(B) at current density of 0.5 A g~ .
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Figure 9. Nyquist plots of the capacitors assembled by PPy/CNTs/MF and CNTs/PPy/CNTs/MF (insert is the EIS in high-frequency region) (A). the rela-
tionships between the specific capacitance of the cells and the cycle numbers under successive CV scan at 20 mV s~ '(B). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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CNTs/MF decreases 27% of the initial capacity at 20 mV s~ ' after
450 cycles. However, the capacity loss of the cell assembled by
CNTs/PPy/CNTs/MF is only 3.8% after 450 cycles, confirming the
excellent cyclic stability of the CNTs/PPy/CNTs/MF electrode and
may be developed as a suitable material for electrochemical capaci-
tors applications.

CONCLUSIONS

We have fabricated the composites of PPy/CNTs/MF and CNTs/
PPy/CNTs/MF by combining the dip-dry process and chemical
polymerization in vapor phase. The obtained composites are
lightweight, flexible and mechanically robust. The C,. based on
the PPy mass and the total mass of the electrodes are about 262
and 184 F g~ ' for CNTs/PPy/CNTs/MF composite, which are
higher than that for the PPy/CNTs/MF (167 and 129 F g ') at
the discharge current of 0.4 A g '. In addition, the free-
standing CNTs/PPy/CNTs/FM has excellent cyclic stability.
According to the above results, such CNTs/PPy/CNTs/MF is
very promising for flexible energy storage devices. The proper-
ties of the composites for quick charge/discharge may be
improved by making the conductive materials (CNTs, graphene
and so on) not only coated on the fibers of MF but also filled
in the pores to form continuous microstructure.
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