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This work reports the supercapacitive properties of electrochemically grown composite
films of multiwalled carbon nanotubes (MWNT) and polypyrrole (PPy), a conducting polymer.
Scanning electron microscopy, cyclic voltammetry, and electrochemical impedance spectros-
copy revealed that the nanoporous three-dimensional arrangement of PPy-coated MWNTSs
in these films facilitated improved electron and ion transfer relative to pure PPy films. The
low-frequency capacitance was measured for films of varying thickness, revealing specific
capacitances per mass (Cmass) and geometric area (Carea) as high as 192 F gt and 1.0 F
cm™2, respectively. Rates of charge and discharge about an order of magnitude faster than
similarly prepared pure PPy films were also observed.

Introduction

Growing demands in digital communication, electric
vehicles, and other devices that require electrical energy
at high power levels in relatively short pulses have
prompted considerable interest in electrochemical ca-
pacitors, also known as supercapacitors.>? The largest
charge storage capabilities of supercapacitors reported
to date have been observed for conducting polymers
(Cmass = 220 F g7t and Cgarea = 600 mF cm~2)3-8 and
transition metal oxides (Cmass = 840 F g1 and Cyrea =
500 mF cm~2)%14 which store charge, in the form of ions,
via a redox pseudocapacitive charge storage mecha-
nism.1>~7 This mechanism relies on the transfer of
counterions between the electrolyte and the bulk of
these materials in response to the electron-transfer
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processes associated with their oxidation and reduction.
Alternatively, supercapacitors made from high area
carbons are attractive for their excellent rates of charge
and discharge, a property stemming from their high
surface area and double-layer charge storage mecha-
nism.’®-20 Rather than storing charge in the bulk of the
capacitive material, double-layer supercapacitors store
charge in an electrochemical double-layer formed at
their interface with the electrolyte. While this mecha-
nism can increase the rate of response by several orders
of magnitude, it limits the total amount of charge that
can be stored (Cmass = 180 F g7t and Cgrea = 5 mF cm™2)
relative to redox pseudocapacitive materials.22-25
Recently, a variety of methods have been reported for
producing composites of redox pseudocapacitive materi-
als (polypyrrole, polyaniline, poly(p-phenylenevinylene),
and ruthenium oxide) and double-layer capacitive ma-
terials (activated carbon black, carbon aerogels, and
carbon nanotubes).26-3¢ While the capacitance of each
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carbon-ruthenium oxide composite was lower than that
reported for pure ruthenium oxide, the capacitive
properties of most of the carbon-conducting polymer
composites are, as yet, unknown. The limited capacitive
data previously reported for high-area carbon-conduct-
ing polymer composites is restricted to composites of
MWNTSs and PPy or polyaniline grown by electrochemi-
cally polymerizing the conducting polymer onto a MWNT
preform or by in situ chemical polymerization of the
conducting polymer onto MWNTSs in a suspension which
is subsequently dried to a powder and pressed (Cmass =
170 F g1 and Cgarea = 241 mF cm~2).3773% While these
particular composite systems indicate that the high
surface area and conductivity of MWNTs augment the
redox properties of conducting polymers, their structure
and capacitance are inherently limited by their synthe-
sis routes. Electrochemical growth techniques employ-
ing MWNT preforms are limited by the amount of
polymer that can be deposited without blocking elec-
trolyte channels, and chemical polymerization tech-
niques can suffer from aggregation of the polymer
deposited on the MWNTSs. The electrochemical method
used to grow the carbon nanotube-conducting polymer
composites described in this report circumvents these
problems via the simultaneous deposition of MWNTSs
and PPy during film growth in a single step.

Experimental Section

Composite films were electrolytically deposited onto a
graphite working electrode in a three-electrode, single com-
partment electrochemical cell.?® The aqueous polymerization
electrolyte generally consisted of 0.5 M pyrrole monomer and
0.4 wt % of suspended oxidized MWNTs having an outer
diameter of about 10 nm and a length between 0.2 and 2.5
um.*% Oxidation of the curved catalytically grown MWNTSs
(supplied by Hyperion) was achieved via a previously described
acid treatment process which attaches functional groups such
as hydroxyl, carbonyl, and carboxylic groups to the MWNT
surface, facilitating their suspension in polar solvents such as
distilled water.#? After the electrolyte was deaerated using
argon, anodic polymerization of the pyrrole monomer was
achieved at the working electrode using a constant current of
3.0 mA cm~2 or a constant potential of 0.7 V measured against
a saturated calomel reference electrode (SCE). The negatively
charged MWNTSs acted both as a supporting electrolyte during
polymerization and as a dopant in the PPy deposited on the
working electrode.?® Once formed, the films were analyzed
using cyclic voltammetry (CV), on a model 273A EG&G
Princeton Applied Research potentiostat, and electrochemical
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Figure 1. Comparison of MWNT—PPy composite films and
pure PPy films prepared using similar conditions: (a) cyclic
voltammograms (film-formation charge, 1.8 C cm~2; scan rate,
50 mV s71; electrolyte, 0.5 M KCI); (b) complex plane imped-
ance plots (film-formation charge, 1.0 C cm~2; bias potential,
0.4V vs SCE; electrolyte, 0.5 M KCI); (c) relationship between
the imaginary component of impedance and the inverse of
frequency (film-formation charge, 1.0 C cm~2; bias potential,
0.4 V vs SCE; electrolyte, 0.5 M KCI).

impedance spectroscopy (EIS), on a Solartron 1260 impedance/
gain-phase analyzer coupled with a Solartron 1287 electro-
chemical interface. Testing was carried out at potentials
between —0.8 and 0.5 V vs SCE in a three-electrode, single
compartment electrochemical cell using a deaerated 0.5 M KCI
aqueous electrolyte. To provide a basis for comparison, these
tests were also performed on pure PPy films made using the
same setup and conditions, with the MWNTSs being replaced
by 0.5 M KCI in the aqueous polymerization electrolyte.

Results and Discussion

Figure 1 compares the CV and EIS results of a
MWNT—PPy composite film with a similarly prepared
pure PPy film. The cyclic voltammograms (Figure 1a)
indicate several important differences between the two
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films. The first of these is that the peak potentials of
the composite film are about 200 mV more negative than
those of the pure PPy film, confirming the anionic
dopant role of the MWNTSs.26 The second point is that
the output current of the composite film is about twice
that of the pure polymer. Since capacitance can be
estimated from the output current divided by the scan
rate, this implies that the capacitance of the composite
films is about double that of the pure polymer.1939 A
final point worth noting is that the difference between
the output current of the composite and the pure
polymer is particularly large for low oxidation potentials
at which both films are in their lower conductivity
reduced state, indicating a conductive contribution from
the MWNTSs in the composite film.26

The small sine-wave amplitude (10 mV) and broad
frequency range (5 x 10° Hz to 0.01 Hz) used for EIS
analysis makes it possible to separate and study elec-
trochemical processes having different time constants,
such as electrical conduction, ion transfer, and capaci-
tance, while displacing the system only slightly from its
equilibrium state.*243 Figure 1b shows the complex
plane impedance plots produced from EIS analysis of
the fully oxidized composite and pure PPy films (bias
potential of 0.4 V). The intercepts of the composite and
pure PPy plots with the real impedance (Z') axis, 6.4
and 8.5 Q, respectively, indicate that the composite film
was 2.1 Q less resistive than the pure PPy film. This
estimation is based on the reasonable assumption that
the resistances of the electrical leads and the 0.5 M KCI
electrolyte were the same in both cases, since the
intercept actually reports the uncompensated electrical
resistance of the capacitive film, electrolyte, and the
electrical leads combined.** While this result is in
agreement with a conductive contribution from the
MWNTs, it should be noted that the reduced resistance
of the composite film may in part be due to the increased
surface area of the porous composite structure.

The impedance plot shown in Figure 1b can be divided
into the high-frequency component (inclined at 45°) and
the low-frequency component (near vertical) of the plot.
The projected length of the high-frequency Warburg-
type line on the real axis (Z') characterizes the slow ion
migration process in the solution pores and is equal to
one-third the film’s ionic resistance.*? The composite and
pure PPy films shown in Figure 1b had ionic resistances
of 0.7 and 24.3 Q, respectively, indicating a lower barrier
to ionic transport in the composite film.43 The superior
ionic transfer of the composite films is even more
exaggerated at bias potentials lower than 0.4 V and is
in addition to the improved electrical conductivity of the
composite films described above.

The low-frequency capacitance (Cy) of the composite
films was determined from the slope of a plot of the
imaginary component of impedance (Z") at low fre-
quency vs the inverse of frequency (f) (Figure 1c) using
the equation Cy = (27fZ"")~1.5 Specific capacitances as
high as 192 F g1 and 1.0 F cm~2 were observed for the
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Figure 2. Relationship between film-formation charge and:
(a) low-frequency capacitance and (b) knee frequency for
MWNT—PPy films and similarly prepared pure PPy films.

MWNT—PPy composite films tested. While the capaci-
tance per gram of composite film is quite high, it is the
capacitance per area of deposition surface that draws
the most interest. This value is significantly larger than
that reported for supercapacitors based on conducting
polymers, carbon nanotubes, or other carbon nanotube-
conducting polymer composites.*2537-39 Figure 2a shows
how the low-frequency capacitance of the composite
films and similarly prepared pure PPy films increased
with the film-formation charge. The film-formation
charge is a measure of the total charge used during
polymerization; hence, it indicates the amount of film
grown providing there are no other reactions occurring
at the working electrode. While the thickness of the
composite and pure PPy films was found to increase
approximately linearly with film-formation charge as
expected*® with slopes of 3.5 x 1074 and 1.8 x 10~4cm?3
C™1, respectively, their capacitance deviated from its
initially linear relationship for large film-formation
charges (Figure 2a). This deviation is attributed to
limited electrolyte access at the lower levels of thick
films. As a result, ion diffusion is not able to reach all
the available PPy within the time frame of the capaci-
tive measurements, thereby restricting the amount of
material that can contribute to the measured capaci-
tance, causing it to approach an upper limit with
increasing film-formation charge.

The linear regions of the capacitance vs film-forma-
tion charge plots (Figure 2a) show that for a given
charge, the composite film had a capacitance that was
about double that of pure PPy, supporting the capacitive
results obtained from the cyclic voltammograms. The
slope (C/Q) of these linear regions gives an indication
as to the proportion of film that contributes to the
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capacitive performance. The superior slope of the com-
posite films implies that more of the PPy in the film is
able to access ionic charge from solution and hence
contribute to the measured capacitance. The larger
limiting value of capacitance apparent for the composite
films indicates that their improved performance for a
given film-formation charge is not simply a result of an
increase in polymerization efficiency, which would result
in the deposition of more polymer for a given film-
formation charge, relative to the pure PPy films. In fact,
the polymerization efficiency of the composite films was
found to be within a few percent of the pure PPy films
making the film-formation charge a fair means of
comparison.

The point that divides the high-frequency component
of the complex plane impedance plot from the low-
frequency component is referred to as the knee fre-
guency?! (Figure 1b). The knee frequency indicates the
maximum frequency at which predominantly capacitive
behavior can be maintained and was more than an order
of magnitude higher for MWNT—PPy composite films
than pure PPy films (Figure 2b). For low film-formation
charges, the knee frequency of the composite superca-
pacitors was as high as 200 Hz; however, as the film-
formation charge was increased, the knee frequency
decreased rapidly as shown in Figure 2b. This perfor-
mance limitation is a common phenomenon for devices
based on conducting polymers and is simply related to
the reduction in electrolyte access and increase in
diffusion distance with film thickness.4®

The structure of the MWNT—PPy composite films was
examined using a JEOL JSM6340F field emission gun
scanning electron microscope (FEGSEM). PPy was
found to coat each individual MWNT and bind the
coated tubes together in a nanoporous three-dimen-
sional network (Figure 3). The thickness of the PPy
coating on each tube was observed to reach as much as
250 nm depending on the polymerization conditions
employed, though values much lower than this were
used to obtain the results described in this report.
Examination of the relative thermal degradation rates
of pure PPy films, pure MWNT sheets, and MWNT—
PPy composite films in air using a Perkin-Elmer Series
7 thermogravimetric analyzer (10 °C min—1) indicates
that the polymerization conditions described in this
report produced composites that were approximately 60
wt % MWNTSs. It is also interesting to note that the
coated MWNTSs tended to preferentially align parallel
to the plane of the film while maintaining random
orientation within the plane, similar to the structures
observed in solvent-cast MWNT films.4” The structure
of the composite film contributes to its improved ionic
conductivity, capacitance, and rate of response in three
ways. The first is by providing a large surface area of
PPy in a porous morphology that allows excellent
electrolyte access in three dimensions. Second, since the
PPy is coated on each MWNT as a thin layer, the ion
intercalation distance is reduced to a matter of nanom-
eters. Finally, the conductivity of the MWNTSs dispersed
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Figure 3. FEGSEM images showing the porous network of

PPy-coated MWNTSs in the composite films: (a) the film surface
and (b) the fractured film cross-section.

throughout the structure increases the electrical con-
ductivity of the composite film over the entire PPy redox
cycle.

Conclusions

In summary, we have studied the structure and
capacitive properties of composite films made from
catalytically grown MWNTSs and PPy. These composites
were produced via an electrochemical route in which the
MWNTSs and PPy were deposited simultaneously. FEG-
SEM analysis indicated that it was possible to produce
porous interconnected networks of PPy-coated MWNTSs
through the entire thickness of the film. CV and EIS
analyses demonstrated the excellent charge storage and
transfer capabilities of these films, a result that is
attributed to the high surface area, conductivity, and
electrolyte accessibility of the nanoporous structure.
These results suggest that nanoporous composites of
MWNTs and conducting polymers hold great promise
for energy storage devices such as supercapacitors and
secondary batteries.
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