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Absract

Singlewall carbon nanotubes were covered with polypyrrole via in situ miniemulsion polymerization of pyrrole monomer. They had
nanotube surfaces partially enveloped with polypyrrole: the surfaces attached with polypyrrole particles, the surfaces covered with thin
polypyrrole film, and bare surfaces. The nanotubes covered with polypyrrole were doped with LiClO4 and mixed with a binder, Kynar FLEX
2801, to make composite electrode for supercapacitor. The pelletized powder of the composite with Li™ ions exhibited higher electrical
conductivity and lower percolation threshold concentration than pristine polypyrrole. The composite was used to fabricate the electrode in
supercapacitor without adding other conducting material like carbon black. It showed higher specific capacitance than polypyrrole/
binder/carbon black composite. This could be explained due to the existence of bare surfaces of SWNTs with high electrical conductivity as

well as large surface area.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Singlewall carbon nanotubes (SWNTs) are of great
interest for many potential applications in nanoscale devices
and materials, field emissions, nanowires, nanotransisters,
actuators, hydrogen storage, scanning probe microscopes,
and conductive high strength composite materials, since the
discovery of SWNTs by lijima in 1993 [1-8]. Despite of
their remarkable properties, the fundamental problems of
SWNTs, such as requirement of binder or supporting
materials for making film, insolubility in any solvents, and
incompatibility with other molecules, act as an obstacle to
the progress with SWNTs. So, many efforts have been
focused on the functionalization and decoration of SWNT
sidewall with other molecules to enhance the solubility in
various solvents and the compatibility of SWNTs with other
materials [9—11]. Opening up the carbon nanotube ends and
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encapsulating with other molecules to form a nanocompo-
site might be used for stable dispersion, separation, and
storage technology and for the development of magnetic and
electrical properties [12—-14].

Electronically conducting polymers (ECPs) have
attracted much attention for their low cost and high specific
capacitance as electrode materials in supercapacitors [15—
19]. Supercapacitors are characterized by high capacitances,
which can be implicated in high current load devices.
Energy storage in supercapacitors with ECPs is not
electrostatic in origin as in double layer capacitor, but is
due to a Faradaic process which involves the entire polymer
mass [18,19]. Doping—undoping process of ECPs involves
the charge—discharge capacitance of the supercapacitor.
Supercapacitors based on p- and n-dopable conducting
polymers (polyaniline, polythiophene, and polypyrrole) are
very attractive for the electric devices with high energy and
high power like electric vehicle applications [18-20]. The
electrodes are usually composed of composite materials
with binders, ECPs, and conductive carbon materials. The
conductive carbon materials are used to compensate the
relatively low electrical conductivity of ECPs. But they
show the low specific capacitance of the supercapacitors.
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Table 1

The composition of materials for the polymerization and sample codes of PPySWNTs

Sample code Charged monomer weight Total monomer Nanotube Weight ratio of Initiator APS (g)
weight (g) weight (g) nanotube to total
Pyrrole (g) DVB (g) monomer (%)
PPy 3.0 0 3.0 0.0 0.0 0.340
PPyDVB 2.7 0.3 3.0 0.0 0.0 0.306
Py9D1 0.9 0.1 1.0 0.2 20 0.102
Py18D2 1.8 0.2 2.0 0.2 10 0.204
Py20D0 2.0 0.0 2.0 0.2 10 0.227
Py27D3 2.7 0.3 3.0 0.2 6.7 0.306
Py36D4 3.6 0.4 4.0 0.2 5 0.408

The letters Py and D denote pyrrole and DVB, respectively. The number followed by Py and D stand for the decigram of each material.

Carbon nanotubes are also attractive for the electrode of
electrochemical energy storage devices with the use of
electrochemical double-layer charge injection [21,22].
Their low mass density, low resistivity, high chemical
stability, and large surface area give a big potential for
electrodes [22-25]. Especially their large surface area and
high aspect ratio make them to have many accessible
mesopores. Some experiments have advanced to use carbon
nanotubes as a template of ECPs with porous structure to
make the surface area of ECPs larger [25-27]. Encapsula-
tion of carbon nanotubes with ECPs was used to get the high
electrical conductivity of the electrode as well as the high
charge capacity of supercapacitor.

We chose a miniemulsion polymerization among various
emulsion polymerization methods, because the method
could help us to produce nano-scale polymer particles
[28,29]. The method involved a free-radical polymerization
in monomer-swollen micelles with an average diameter
from one to several hundred nanometers stabilized by
surfactants and hydrophobes in oil-in-water system [30,31].
Hydrophobes was used to prevent the Oswald ripening, that
is, the growth of miscelles in size and to have many small
pores in polymer particles. This miniemulsion polymeriz-
ation has become useful methods to prepare polymer nano-
particle and polymeric encapsulation of nanoparticles [32,33].

We present the preparation of polypyrrole/SWNT
composites (PPySWNTSs) by miniemulsion polymerization
of pyrrole and their usage as an electrode in supercapacitor.
They will have the higher electrical conductivity than ECPs,
if there may exist the bare surface of SWNTs because
SWNTs have the higher electrical conductivity than ECPs.
The experiment was carried out by using various weight
ratio of polypyrrole to SWNT content. The electrical and
electrochemical property of composites were measured and
compared to those of polypyrrole.

2. Experimental
2.1. Materials

AP grade singlewall carbon nanotubes (SWNTs) were

purchased from Carbon Nanotechnologies Inc. Dodecyl
sulfate, sodium salt (SDS), 1-pentanol, acetone, hydro-
chloric acid, and divinylbenzene (DVB) were purchased
from Aldrich and were used as received. Ammonium
persulfate (APS), a free-radical initiator, and pyrrole
monomer were purchased from Aldrich Co. and used
without further purification. The lithium perchlorate
(LiClQy) as lithium salt, and ethylene carbonate (EC) and
dimethyl carbonate (DMC) as solvents, were purchased
from Aldrich Co. and used as received. The Elf Atochem
Co. supplied the Kynar FLEX 2801, poly(vinylidene
fluoride-co-hexafluoropropylene) P(VdF-co-HFP), and the
MMM Carbon Co. supplied Super P black, carbon black, for
this experiment. The P(VdF-co-HFP) and carbon black were
dried for 3 days at 40 °C under vacuum before use.

2.2. Polymerization

Before polymerization, the SWNTs were purified by a
method described below. SWNTs were thermally treated to
remove amorphous carbons at 300 °C for 1h in the air
atmosphere, and then they were stirred in concentrated
hydrochloric acid for 10 h to remove the metal catalysts
contained in them. The color of the liquid phase turned into
green, as the metal catalyst was oxidized. The green color
liquid was separated by using the filtration through 200 nm
pore membrane. It was treated thermally and chemically
with hydrochloric acid for several times until its color
became colorless. Finally, SWNTs were dispersed in water
to remove water-soluble impurities.

Purified 0.2 g of SWNTs was dispersed with SDS and
1-pentanol in 300 ml of deionized water and then sonicated
for 10 h. SDS and 1-pentanol were used as a surfactant and a
hydrophobe, respectively. Pyrrole and DVB used as a
monomer and a cross-linking agent were mixed before
polymerization. This mixture was charged with SWNT
aqueous dispersion into a 500 ml three-neck glass reactor
equipped with a condenser, a dropping funnel, a stirrer, and
a nitrogen inlet. The mixture was then sonicated in nitrogen
atmosphere at 0 °C for 4 h, to disperse the nanotubes with
monomer. It was kept for 4 h after the 1 M initiator water
was dropped through a funnel for 1h to initiate the
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Table 2

Polymer and SWNTs contents in each sample calculated from the residue of TGA curves at 800 °C under N, atmosphere

Sample Polymer contents (wt%) Nanotube contents (Wt%) Initial weight ratio of nanotubes to total weight (%)
Py9D1 70.75 29.25 16.67
Pyl18D2 84.76 15.24 9.09
Py20D0 88.48 11.52 9.09
Py27D3 91.30 8.70 6.25
Py36D4 92.43 7.57 4.76

polymerization. The concentration of reactants was listed in
Table 1. And then, methanol was added into the flask to
terminate the polymerization. The product was mixed with
methanol and centrifuged at 8000 rpm for 1 h to remove the
surfactants and residual monomer. It was repeated more
than five times. The sample was dried under a high vacuum
at 60°C for 3 days. The amount of polypyrrole was
determined by using thermogravimetric analyses (Table 2).

2.3. Electrical and electrochemical properties

For the ionic doping of all the samples with lithium
perchlorate (LiClO,4), EC and DMC were used as solvents
and LiClO,4 as lithium salt. The powder sample was
immersed in 1M LiClO4 in EC/DMC (1:1 mol/mol)
solution, and then stirred for 72 h at room temperature.
The doped sample was filtered with 450 nm pore membrane
and dried for 48 h at 80 °C under vacuum. To determine the
dc conductivity, a four-probe method was used. The pellet
of polypyrrole covering SWNTs (PPySWNTs) was made by
pressing the powders and its conductivity was measured.
The electrical conductivity was also checked for the thin
film made by casting the slurry of PPySWNTSs and Kynar
FLEX 3801 (binder) in acetone. Cyclic voltammograms
were evaluated for the slurry cast on platinum disk (area=
0.25 cm?).
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Fig. 1. Thermal gravimetric curves for (a) raw SWNTs and (b) Purified
SWNTs.

2.4. Measurements

Fourier transform infrared spectra (FTIR) were recorded
on a Bomem 102 FTIR spectrometer with KBr pellets. A
total of 20 scans taken at 4cm ™' of resolution were
averaged.

3C cross-polarized magic angle spinning (CP/MAS)
NMR spectra were collected using a Bruker DSX 400 MHz
NMR spectrometer in solid state at the Korea Basic Science
Institute located in Daegu city. The NMR signal was
received with a spin rate of 6 or 8.5 kHz to determine the
spinning side bands. The cross-polarized time was 2-3 ms
and the delay time was 3 s.

Thermogravimetric analyses (TGA) were carried out
with a Perkin—Elmer thermobalance from room temperature
to 800 °C, with a rate of 10 °C/min under N, and air
atmosphere.

The morphology of the nanotubes was examined by a
Philips XL30SFEG scanning electron microscope (SEM)
with Schottky based field emission gun and by a Philips
CM-20 transmission electron microscope (TEM). Surface
distribution of polypyrrole was determined by a Philips
535M with energy dispersive spectroscopy (EDS).

The electrical and electrochemical properties of
PPySWNTs were measured. Electrical conductivity was
examined four point probe head CMT-SR 1000 of Changmin
Co. Cyclic voltammetry (CV) has been used to characterize
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Fig. 2. FTIR spectra of (a) Py09D1, (b) Py18D2, (c) Py20D0, (d) Py27D3,
(e) Py36D4.
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Fig. 3. 3C CP/MAS NMR spectrum of (a) PPyDVB and (b) PPy. Spinning
speed was 8.5 kHz. Spinning side bands are indicated by *.

the redox behavior and the kinetic reversibility of the cell.
Cyclic voltammograms were recorded by employing a
Hokuto Denko HA-301 potentiostat/galcanostat with X-Y
recorder. A platinum plate with PPySWNTSs was used as a
working electrode. The counter and reference electrodes
were platinum and silver, respectively.

3. Results and discussion

The supplied SWNTs were purified by thermal and
concentrated HCl treatment before polymerization. The
weight fraction of impurities in SWNTs samples was
determined by thermogravimetric analysis (TGA) under air
atmosphere. Fig. 1 shows thermal degradation of carbon
nanotubes. SWNTs degraded around 350-600 °C under air
atmosphere. The amount of metal catalysts removed during

purification with HCl was determined using the residual
weight difference between the raw SWNTs and the purified
SWNTs at 600 °C. The residual weight percentage of
catalysts was 18 wt% for raw SWNTs, and almost 0 wt% for
purified SWNTs. This reveals that most catalysts in the
sample were removed during purification [34].

The synthesized polymer was characterized with FTIR
and NMR spectrum. Fig. 2 shows the FTIR spectra of
PPySWNTSs. The peaks around 1550 and 1450 cm ™' were
due to aromatic C=C and C-C in polypyrrole, respectively.
C=N, and C-N show peaks around 1182 and 1300 cm .
Aromatic C—H in polypyrrole shows the peak at 1036 cm ™~ .
These peaks illustrate that polypyrrole was polymerized.
The peaks from DVB do not show clearly and partially
overlapped.

3C CP/MAS NMR spectra were also collected to
evaluate the synthesis of the copolymer of pyrrole and
DVB (PPyDVB) [35,36]. Polypyrrole (PPy) shows only one
broad peak at 100—150 ppm in Fig. 3. It is caused by the
overlap of the peaks assigned to quaternary aromatic
carbons (=CJ) and protonated chromatic carbons (=CH-)
in Fig. 3(b). PPyDVB, synthesized copolymer of pyrrole
and divinylbenzene, also shows the same broad overlapped
peak at 100—150 ppm. And there is another peak around 40—
50 ppm caused by the configurational and conformational
heterogeneity of aliphatic methylene carbons.

The inset graph in Fig. 4 is the thermogravimetric curves
of purified SWNTs, PPy and PPyDVB under N, atmos-
phere. SWNTs do not degrade until the temperature reaches
800 °C under N, atmosphere. The main chain of polypyrrole
(PPy) decomposes at around 500 °C and almost all the
polymers decompose at 800 °C, as shown in Fig. 4.
PPyDVB shows multiple peaks at 230 and 450 °C. The
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Fig. 4. Thermal gravimetric curves for (a) Py9D1, (b) Py18D2, (c) Py20DO0, (d) Py27D3, (e) Py36D4. Inset figure represents TGA curves for purified SWNTs,

copolymer of polypyrrole and divnylbenzene, and polypyrrole.
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Fig. 5. SEM image of Py27D3. A, B, and C indicate the SWNT surfaces
attached with dew-shaped polypyrrole particles, bare surfaces of SWNTs,
and the surfaces covered with a polypyrrole thin film, respectively.

main chain of polypyrrole decomposes but SWNTs do not
degrade until 800 °C in N, atmosphere. The polymer
content in a sample is determined by using the residual
weight difference between PPySWNTs and PPy. The actual
content of PPy in the sample does not equal to the initial
content of monomer but increases as the more monomer is
added during polymerization. Polymer and nanotube
contents are calculated from the residue at 800 °C and
listed in Table 2.

The structure of PPySWNTs was determined by
scanning electron microscopy (SEM). Fig. 5 shows SEM
image of PPy27D3. There exist three different parts on the
nanotube surfaces: (A) SWNT surfaces attached with
spherical shape PPy of about 50 nm diameter, (B) bare
surface of SWNT, and (C) the SWNT surfaces covered with
thin film of PPy. A large proportion of polypyrrole attached
on SWNT surfaces has the structure ‘A’.

This could be explained by the following mechanism.
Before polymerization, nanotube threads were dispersed by
SDS and 1-pentanol in water. When pyrrole, DVB, and
potassium persulfate (KPS) were added to the SWNTs-

Fig. 6. (a) Low resolution and (b) high resolution TEM image of Py18D2.

surfactant dispersion, the ingredients diffused into two sites,
(surfactant micelles and surfactant-stabilized nanotubes)
due to their hydrophobic nature. Since the surfactant was
added in large amount. There were surfactant micelles much
larger in number than nanotubes and some surfactant
micelles containing monomers were attached on nanotube
surfaces forming dew shaped polypyrrole particles. Some of
surfactant-stabilized nanotubes were covered with the thin
film of polypyrrole. Some nanotube surfaces were not
covered with polypyrrole.

Fig. 6 shows the structure of Py18D2. The sample for
TEM analysis was prepared by depositing a Pyl8D2 on a
carbon coated copper grid from the dispersion prepared by
sonication for 5 h, blotting up by a filter paper to form a thin
deposition and then evaporating the solvent slowly. We can
also find the similar structure with SEM image in Fig. 5. The
bare surface of SWNTs coexists with the covered SWNT
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Fig. 7. Electrical conductivity of (a) PPySWNTSs and (b) PPySWNTs/Kynar
FLEX 2801 composites against the weight fraction of SWNTs.

surface by polypyrrole. Polypyrrole nanoparticles attached
to the surface of SWNTs are shown in Fig. 6(b).

Fig. 7(a) shows the electrical conductivity for the PPy,
PPyDVB, and PPySWNTs pellets made by pressing the
powders. The PPy shows 0.0177 S/cm of electrical
conductivity in Fig. 7(a). The weight fraction of SWNTs
in each sample is listed on the Table 2. The conductivity
increases sharply until the amount of SWNTs reaches
8.7 wt% in PPySWNTs. It seems that the percolation
threshold of SWNTs is about 9 wt%. After the threshold,
conductivity becomes higher as the weight fraction of
SWNTs increases. When the weight fraction of SWNTs is
29.25 wt% (Py9D1), the conductivity is 6.25 S/cm. The
composite of PPySWNTs and the binder, Kynar FLEX
2801, was made in the following way. The binder was added
into PPySWNT powders. This mixture was dissolved in
acetone and ground to prepare slurry. The slurry was cast on
glass substrate and dried to make the composite film. Then it
was baked to remove residual solvent at 60 °C for 4 h under
vacuum. The electrical conductivity of each PPySWNTs/
binder composite film was examined varying the weight
fraction of binder in each composite. Fig. 7(b) shows the
conductivity change due to the addition of binder in each
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Fig. 8. (a) Cyclic voltammogram for PPy and PPyDVB electrode and (b) the
specific capacitances of the PPySWNTs/Kynar FLEX 2801 composite
electrode as a function of SWNTs loading fraction in PPySWNTs. Specific
capacitance was calculated by dividing total electrode mass (left axis) and
that per loading PPySWNTs weight (right axis) in (b).

sample. In our experiment, we could not examine the
electric conductivity lower than 1 X 1073 S/cm, because of
the upper limit of resistance permitted by the equipment. So,
almost all values start from 1X 10> S/cm. The electrical
conductivity of the composite containing Py36D4 and
Py20DO0, is reduced rapidly, when the amount of
PPySWNTs becomes lower than 40 wt%. For the cases of
other PPySWNTs, the percolation thresholds are about
30 wt%. The conductivity of the composite with PPyDVB
shows similar or a little lower than that with PPy. The
conductivity of each composite becomes higher as the
amount of SWNTs in the composite increases. The 100 wt%
PPySWNTs without binder shows little lower conductivity
than the composite with 90 wt% of PPySWNTs, because of
the sample preparation difference. The film was not formed
when the weight fraction of PPySWNTs became 90%. So,
the electrical conductivity was determined in pellet state.
Fig. 8(a) shows the cyclic voltammograms for the redox
reaction of composite electrodes made from PPy, PPyDVB,
and Py18D2 in 1 M LiClOy4 solution (EC:DMC=1:1, by
mole ratio). Carbon black (conducting material, super P
black) was added with binder in the composite electrode to
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Fig. 9. SEM image (left picture) of the surface of composite electrode, and EDS pattern of the electrode surface taken by dot mapping method of fluorine
(middle picture) and nitrogen (right picture), (a) for the electrode composed of PPy, binder, and active material (carbon black), and (b) for the electrode

composed of Py9D1 and binder.

compensate the low electrical conductivity of PPy and
PPyDVB. The weight ratio of composite electrode was 5:3:2
(PPy or PPyDVB:conducting material:binder). But, carbon
black was not added in the PPySWNTs/binder composite
electrode, because the electrical conductivity of
PPySWNTs/binder composite was enough high to make
an electrode. The weight ratio in composite electrode was
8:2 (PPySWNT:binder). The scan rate was 20 mV/s and the
area of electrode was 0.25 cm?. PPy shows the oxidation
peak around +0.3 V. PPyDVB shows the peak shift toward
positive voltage. The capacitance is calculated in the
following equation.

C— iAt
_JAV
where C is the capacitance, i is current, V is voltage, and ¢ is
time [20].

Specific capacitance is plotted as a function of weight
fraction of SWNTs in each PPySWNTs in Fig. 8(b).
Fig. 8(b) shows the specific capacitance per total electrode

mass on the left ordinate and that per PPySWNTSs weight on
the right ordinate. Two points at the 0 wt% of PPySWNTs

represent the composite electrode composed of PPy and
PPyDVB, respectively. The composite electrode with
Py36D4 has low capacitance, because its electrical
conductivity is low as shown in Fig. 7. PPy shows a little
higher capacitance than PPyDVB. Therefore, Py20D0 has
higher capacitance than other PPySWNTs except Py9DI.
The specific capacitance becomes larger as the weight
fraction of SWNTs in PPySWNTs increases. The specific
capacitances of Py9D1 electrode per total electrode mass
and per loading PPySWNTs weight are 108 and 134 F/g,
respectively.

The electrode composed of PPy, PPyDVB and
PPySWNTs was characterized by SEM and energy
dispersive spectroscopy (EDS) pattern taken by dot
mapping method to determine the surface morphology of
the electrode and the dispersion of polypyrrole in the
electrode. Fig. 9 shows an example of the electrode
containing PPy and Py9D1. The weight fraction of
polypyrrole molecule in each electrode was 50 wt% for
PPy and 56.6 wt% for Py9D1. Three images in Fig. 9
represent surface morphology, dispersion states of fluorine
(F), and nitrogen (N) atoms in the composite electrodes of
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PPy, and Py9D1. The binder used here, Kynar FLEX 2801,
has fluorine atom in the molecule. So, the adapted images of
fluorine and nitrogen atoms illustrate the distributions of the
binder molecule and PPy, respectively. The electrode
composed of Py9D1 exhibit more porous structure on the
surface and more polypyrrole molecule on the surface of the
electrode than the electrode composed of PPy, as shown in
SEM pictures. This could be explained that SWNTs played
a role as a template for the dispersion of polypyrrole on the
surface of the electrode.

4. Conclusion

In summary, the SWNTs covered with polypyrrole
nanoparticles were obtained via in situ miniemulsion
polymerization of pyrrole monomer. Electrical conductivity
of PPySWNTs was higher than pristine polypyrrole. The
PPySWNT/Kynar 2801 composite electrode showed higher
electric conductivity than polypyrrole/Kynar2801 compo-
site. PPySWNTs showed electrochemical redox behavior
without adding carbon black. PPySWNTs/binder composite
electrode had larger specific capacitance as the weight
fraction of SWNTs increased. It showed higher specific
capacitance than polypyrrole/binder/carbon black because it
had more porous structure and bare nanotube surfaces.
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