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’ INTRODUCTION

There has recently been a growing demand for energy storage
systems with high power for use in such diverse applications as
hybrid electric vehicles, personal electronics, and industrial
power backup.1�6 Recent attention has focused on supercapaci-
tors (also known as ultracapacitors or electrochemical capacitors)
to address these demands.2,6�14 Supercapacitors are a promising
new energy storage system on account of the high charge�
discharge rates, simple mechanism, long cycle-life, and high power
density that they possess.5,6,13�17 Focus has presently turned to the
creation of flexible supercapacitors for use in various personal soft
portable electronics such as cell phones and mp3 players, where
flexibility is becoming an increasinglydesirable quality.18,19 Figure1
shows a schematic representation of a flexible supercapacitor made
from graphene/polypyrrole.

Supercapacitors gain their capacitive properties from two
separate mechanisms; electric double-layer capacitance (EDLC)
and pseudocapacitance.5,6,9,13,15�17 EDLC is a result of the accu-
mulation of electrostatically charged layers at the interface between
the electrode and electrolyte and is therefore greatly influenced by
the surface area of the electrode material.1,6,8�10,13,15,20 To max-
imize EDLC, various forms of high surface area carbon have been
investigated such as carbon nanotubes, activated carbon black, and
graphene.1,6,8,12,15,17,21�25 As a prominent material, graphene (G)
sheets are 2D, single-atom thick layers of sp2-bonded carbon.26�29

These are of particular interest because it has been recently shown
that optically transparent, flexible G films can be created while
preserving G’s good electrochemical properties.15,19,28�35

Pseudocapacitance is a result of reversible, fast faradic reac-
tions occurring between an electroactive electrode material and
the electrolyte.1,6,9,10,13,15,17,20 Some pseudocapacitive materials
that have been widely studied are metal oxides and electrically
conducting polymers (ECPs).1,2,4,5,8,9,13,15,17,20,21,36,37 ECPs,
such as polyaniline and polypyrrole (PPy), have received much
attention because of their fast electrochemical switching, low
cost, and high specific capacitance values.2,11,38�41 PPy is parti-
cularly appropriate for this application because of the water
solubility of the pyrrole monomer as well as the much lower
carcinogenic risks associated with its degradation products
compared with polyaniline.3,39,41

A variety of electrode synthesis methods have been employed
to create conductive polymer�carbon nanostructure hetero-
structures, including one-pot copolymerization, and electrode-
position on prefabricated CNTmembranes. It is anticipated that
the new heterostructure can bring the EDLC and pseudocapa-
citive behavior together, leading to a significantly enhanced
performance and stability.6,8,23,36 However, copolymerization
with graphene or CNT suspensions suffers from polymeric
aggregation and high electrode resistances because of poor
interconnection between conducting structures, whereas post-
fabrication electrodeposition often blocks electrolyte channels at
the outer surface and does not form a conformal coating of
polymer.39,41,42 Much attention has been given to the pulse
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electrodeposition techniques owing to their promising results
shown recently by several groups.2,41,42 In a recent study, pulsed
electrodeposition has been employed using well-separated short
potential pulses, which allows pyrrole monomers to diffuse into
the carbon EDLC material pore space between polymerization
pulses, and demonstrated a significant improvement in the
uniformity of PPy coatings on CNTs.42 A schematic illustration
showing how rest periods allow for Py molecules to diffuse into
the pore space of the G between deposition pulses is shown in
Figure 2. This leads to a more uniform coating and less blocked
pores than obtained with a continuous deposition method. Some
groups have also proposed that during rest periods polypyrrole
chains stabilize, making nucleation of new chains more favorable
during subsequent polymerization pulses rather than enlarging
previous chains.2,41 Short deposition pulses have also been
shown to produce fewer defects in the structure of the resulting
polypyrrole chains. Figure 1 shows a schematic of the pulsed
electrodeposition process.

In our previous work, we have demonstrated the high effi-
ciency of ultrathin flexible graphene films for supercapacitors.19

In this study, graphene/polypyrrole composites were created
using a modified pulsed electrodeposition technique with
differing total deposition times in an effort to optimize the
electrodeposition time of Py for synergistic capacitive ability.
The primary objective of this study is to prepare optimized
homogeneous graphene/polypyrrole composite films that give

reasonably high performance for flexible supercapacitors
applications.

’EXPERIMENTAL SECTION

Graphite and pyrrole were purchased from Alfa and Aldrich,
respectively. Reduced graphene oxide was prepared by using a
modified Hummers method, which yielded individual and few-
layer graphene flakes with diameters ranging from 0.1 to 1 μm.43

Graphene films were prepared on an insulating polycarbonate
membrane support. To prepare these samples, we sonicated as-
prepared graphene with a concentration of 0.05 mg/mL for 1 h.
This dispersion was vacuum-filtered through a polycarbonate
(PC) membrane (25 mm diameter, 0.4 μm pores) to create a
uniform graphene film.

The resulting graphene film on PC support membrane
remained flexible and robust to washings. Typical thickness of
the graphene film is∼20 μm after removal from PC membrane,
which was measured by a caliper. Without removal from the PC
membrane, the film was placed on a supporting aluminum disk of
the apparatus shown in Figure 1a. A rubber gasket and glass
electrolyte reservoir were clamped to the film over a representa-
tive and uniform region. A 1 M KCl and 50 mM pyrrole (Py)
monomer solution was used to fill the reservoir, and a rubber
stopper was affixed to the top of the reservoir. A three-electrode
setup consisting of a Pt counter and SCE reference electrode was

Figure 1. (a) Diagram of the apparatus used to deposit PPY on GNPs and electrochemical testing, where the clamp and rubber O-ring are not shown.
(b) Electrodeposition potential waveform used in deposition experiments, with deposition pulse length Td and rest pulse length Tr. Photographs
showing the flexibility of the (c) pure GNPs and (d) G/PPy 120s films. The inset is the SEM image at the observation area; the white bar is 100 nm.
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placed in solution through the rubber stopper. The graphene film
was then wired as the working electrode.

A CHI 760D electrochemical workstation (CH Instruments,
USA) was used to pulse the potential from 0 to 1.05 V for 0.1 s
each until a predefined total deposition time was reached to
deposit PPy uniformly onto the G. To determine the optimal
PPy electrodeposition time, electrodes and films were prepared
with several total electrodeposition times ranging from 60
to 360 s with 60 s intervals and are denoted G/PPy 60,
G/PPy 120, G/PPy 180, G/PPy 240, G/PPy 300, and G/PPy
360, respectively, with the pure G electrode being denoted simply
G. The results were focused on the G, G/PPy 60, G/PPy 120,
and G/PPy 360 samples to demonstrate the concept and
performances.

Electrochemical characterization was carried out using the
same apparatus as above and followed by draining the deposition
solution from the reservoir and rinsing the resulting composite
film with deionized water. After drying at 50 �C under vacuum,
the G/PPy membrane with a diameter of 25 mm was ready for
use as an electrode without any further treatment. Cyclic
voltametry (CV), charge discharge (CD), and electrochemical
impedance spectroscopy (EIS) techniques were all carried out
following a 25-cycle CV activation between �0.4 and 0.6 V
versus SCE at a scan rate of 0.1 V/s in 1 M KCl electrolyte. CV
was carried out between�0.4 and 0.6 V versus SCE at scan rates
between 0.01 and 0.2 V/s. CD was carried out between�0.4 and
0.6 V versus SCE at current densities between 1 and 4 A/g. EIS
was carried out between 1 MHz and 10 mHz under an open
circuit potential (OCP) with AC signal amplitudes between 10
and 100 mV. The capacitance of the supercapacitor was calcu-
lated on the mass of the graphene films because the mass of the
deposited polypyrrole was negligible by so short deposition time.

TGA was conducted on a Q500 thermogravimetric analyzer
(TA Instruments, USA) in nitrogen between 50 and 800 at
10 �C/min. TGA analysis of samples involved drying at 60 �C for
72 h prior to testing. SEM images were obtained using an LEO
1550 FESEM (LEO Electron Microscopy, USA).

’RESULTS AND DISCUSSION

The waveform of the shape shown in Figure 1b was applied to
the GNP film in an electropolymerization solution containing
1 M KCl electrolyte and 50 mM pyrrole. The “on” potential was
held at 1.05 V versus SCE for electropolymerization, and lowered
to OCP during the “off” resting cycles. These waveforms were
repeated until a total deposition time Td had been reached.
Figure 1c,d shows a graphene film supported on a PCmembrane
with a diameter of 25 mm before and after 120 s of electro-
deposition of PPy. Both films are homogeneous and show good
flexibility, which indicates that deposition pulses do not inhibit
the flexibility of pure G. This also suggests that the feasible
construction of flexible supercapacitors was able to take advan-
tage of both EDLC and pseudocapacitance, which provides
a good way to meet the increasing demands for high-energy
density supercapacitors.6,18,44

Figure 2 illustrates the whole pulse electropolymerization
process compared with the continuous electropolymerization
under the waveform shown in Figure 1b. During the deposition
pulse, the pyrrole monomers in the immediate vicinity of the
graphene films are electropolymerized and precipitated as poly-
pyrrole nanoparticles on the graphene surface. During contin-
uous deposition, all pyrrole monomers suspended in the porous
structure of the graphene film are consumed, leading to sig-
nificantly reduced electropolymerization of monomer within the
graphene. All remaining deposition current instead is consumed
by electropolymerization at the film surface, where pyrrole
monomer concentration is continually restored by diffusion from
the bulk solution. This appearance of larger sized polymer
nanoparticles is further enhanced by the likelihood for electro-
polymerization to continue on any given polymer chain rather
than nucleate the growth of a new chain. This results in very rare
nucleation of new chains on the graphene surface, which tends to
enlarge present polymer particles rather than increase particle
density and surface coverage. The combined effect results in
large and continuous polypyrrole particles on the graphene
surface (shown in continuous electropolymerization) but with
very little penetration into the porous network of graphene sheets.
This also reduces the surface area of the composite electrode
capable of performing the fast faradaic redox reactions, which
provide the additional contribution of pseudocapacitance to the
device. As reported elsewhere,42 increasing the resting time Tr
between short deposition pulses allows pyrrole monomers to
diffuse from the bulk solution into the intercalating spaces
between graphene sheets and to be electropolymerized during
the following deposition pulse. The addition of these resting
periods results in uniform deposition of small polypyrrole nano-
particles throughout the porous graphene film, as shown in
Figure 3, and maximizes the exposed polypyrrole surface area
on the graphene sheets. The resting time further serves to allow
relaxation of polymer chains grown during a previous deposition
pulse. This relaxation allows polymer nanoparticles to be grown
entirely in one pulse and then to relax to a lower energy state
during the rest time with no further growth during subsequent
pulses.42,45 This result is likely to improve further the PPy coverage

Figure 2. Schematic diagram illustrating how rest periods allow for Py
molecules to diffuse into the pore space of the G between deposition
pulses. This leads to a more uniform coating and fewer blocked pores
than obtained with a continuous deposition method.
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on the graphene electrode and increase the pseudocapacitive
contribution to the specific capacitance of the composite films.

To quantify the effect of differing electrodeposition para-
meters on the PPy nanoparticle density and size, we used
SEM, shown in Figure 3, to characterize the G/PPy composite
film surfaces under various electrodeposition times. It can be
seen that the films are uniform with a PPy particle number
density increasing with electrodeposition time. SEM was also
used for an empirical comparison of the PPy average particle size
and particle area density on a nanoparticle/μm2 basis, where
images with varying total deposition time were analyzed.

The results presented in Figure 4a show a linear increase in
average particle size with electrodeposition time. Previous claims
suggest that pulsed depositions lead to small, stable nanoparti-
cles, all of which are nucleated in an initial pulse.2,41 These
particle densities shown in Figure 4b appear to substantiate this
growth mechanism. As shown, the particle density is increasing
with longer electrodeposition times (and therefore greater
number of pulses), which suggests that new particles tend to
form during each deposition pulse. Combined with average
particle size in Figure 4a, this suggests that many particles are
able to relax during a rest pulse, allowing the preferred nucleation
of new particles; however, some particles do not relax and
continue growing during subsequent electrodeposition pulses.
It should be noted, however, that given random self-nucleation
during a new electrodeposition pulse and continually increasing
particle density, it becomes increasingly likely that a new polymer
strand will nucleate on a pre-existing particle, thereby resulting in
the observed particle size increase. Continuous electrodeposition

of polymer would likely produce a relatively constant density
independent of deposition time along with an increasing particle
size with increasing deposition time because added monomers
tend to polymerize on pre-existing polymer chains rather than
self-nucleate.46

It is notable that the PPy particle density does not increase
linearly with deposition time. The density increases rapidly until
total electrodeposition time of 120 s is reached, followed by a
leveling off as the nucleation rate of new particles decreases. This
represents the point at which the tendency for a new polymer
chain to nucleate during a deposition pulse becomes less favor-
able than enlarging an existing PPy particle. The mechanism
behind this change in nucleation tendency is likely due to the
presence of oxidized defects in the graphene surface, which have
been shown to be preferred nucleation sites for crystallite and
polymer nucleation.46,47 Once nucleation has occurred on most
of these oxidative defects, the energy expenditure for self-
nucleation of a new polymer strand increases, making enlarge-
ment of an existing strand more energetically favorable.

To gain a more complete analysis of the growth trends at
different total deposition times, we calculated the particle size
distributions at total deposition times of 60, 120, and 360 s, as
shown in Figure 4c. At low deposition times, the vast majority of
PPy nanoparticles are under 10 nm in diameter, suggesting that
most nanoparticles have not grown for more than a single
deposition cycle, and nucleation of new nanoparticles is more
favorable than enlargement of existing nanoparticles. This peak is
notably diminished after 120 s of deposition, with a new broad
secondary peak appearing for particles with diameters between

Figure 3. SEM images of (a) pure G and G/PPy after a (b) 60, (c) 120, (d) 360 s electrodeposition. The white particles are the PPy, and the white
bar is 1 μm.
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20 and 40 nm appearing in addition to the small newly nucleated
nanoparticles. The remaining peak at small particle diameters
illustrates the continued formation of new nanoparticles as well
as the existence of PPy particles that have stabilized between
deposition pulses and do not continue growing with subsequent
pulses. After 360 s of deposition, a very broad peak forms for
particles with a diameter between 10 and 60 nm, further showing
that particles are both being enlarged and forming with longer
depositions, contributing to the prevalence of relatively small
particles. This extended deposition time has the largest frequency
of particles with a >40 nm diameter, indicating that particles
continue to grow over many deposition pulses. Most notably,
very few nanoparticles after this time have diameters under
20 nm, suggesting that nucleation of new nanoparticles is not a
major pathway at this point. The high average particle diameter
after this deposition time suggests lower redox-active surface
area, which will be shown later.

TGAwas conducted on the samples to verify an increase in the
mass of PPy with longer electrodeposition times. The results of
TGA in Figure 5a are obtained for a bare PC membrane as a
background, whereas Figure 5b yields the results from G and
G/PPy 60, 120, and 360, all of which remain adhered to a PC
membrane following preparation. Although the weight percen-
tage drops of PC and PPy slightly overlap each other, it remains
discernible that the mass of PPy increases in the samples.
Indication that the G content makes up a lower percentage of
the total mass results from the rate of decreasing mass percent
remaining at longer deposition times. As the dimensions of
the samples and ratio of G to PC are held constant, the reducing
mass that remains after 800 �C is attributed to the increasing
deposition mass of PPy in the samples. The presence of PPy may
also be seen by themass loss between 200 and 400 �C and amore
notable loss between 550 to 725 �C, which is not present in either
the PC or G thermograms.40 The shift in the mass loss seen in
the G thermogram indicates that G has a stabilizing effect on the
PC. Within the second weight loss region, a larger slope of the
thermograms for longer deposition times is also indicative of
an increasing amount of PPy in the sample. The very sharp loss
of mass between 450 and 550 �C is attributed to the PC backing
membrane, with no degradation prior to or following this tem-
perature range.48

Figure 6a�d shows CV curves for pure G and G/PPy 60, 120,
and 360 at varied scan rates between�0.4 and 0.6 V versus SCE
in 1 M KCl. The CV curve for G is virtually rectangular to show
that an approach to ideal and reversible capacitive behavior is
achieved.19 With pulse-deposited PPy, the shapes of CV show
double-layer behavior and features of pseudocapacitive activity
from PPy between �0.25 and 0.25 V.17 With extended electro-
deposition time, the curve demonstrates a more significant
contribution from pseudocapacitive activity of PPy, which is

Figure 4. (a) Average PPy particle diameter and (b) average PPy
particle density by electrodeposition time as determined by SEM. (c)
Particle size distribution of G/PPy 60, 120, and 360. Particles were
grouped into intervals with widths of 10 nm.

Figure 5. TGA thermograms of (a) PC membrane and (b) G and
G/PPy 60, 120, and 360.

http://pubs.acs.org/action/showImage?doi=10.1021/jp205568v&iName=master.img-004.jpg&w=215&h=415
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consistent with the particle density results shown in Figure 4b.
The specific capacitances of the electrodes were determined by
CV using the following eq 141

CS ¼

Z
i dV

2�m�ΔV�S ð1Þ

whereC is the specific capacitance in farads per gram,
R
i dV is the

integrated area of the CV curve, m is the mass of the electrode
material in grams, ΔV is the scanned potential window in volts,
and S is the scan rate in volts per second. Applying this equation
to the CV curves for all of the electrodes yields specific
capacitances ranging from ∼237 F/g for the G/PPy 120 s
electrode to ∼63 F/g for the graphene electrode at a scan rate
of 0.01 V/s. This result demonstrates that with only 120 s of
pulse deposition time, the capacity of the graphene film increased

almost four times, which is very efficient and cost-effective. The
specific capacitance of graphene is slightly lower than what we
previously reported for the ultrathin graphene films,19 probably
because of different thickness of the films. Figure 6e shows the
specific capacitance values of all of the electrodes at the various
scan rates. G/PPy 120 shows the best performance at all scan
rates because of the PPy morphology obtained after 120 s of
pulsed electrodeposition. As shown by SEM and elaborated on
above, G/PPy 120 has a high particle density while still main-
taining a relatively low average particle size, leading to a large
redox-active surface area able to contribute to the material’s
pseudocapacitance. The large and densely packed PPy particle
growth of G/PPy 360 (Figure 3d) is undesirable for fast ion
kinetics and is attributed to the decreased performance.

CD curves in Figure 6f were obtained at a current density of
1 A/g between�0.4 and 0.6 V versus SCE in 1MKCl for pure G

Figure 6. Cyclic voltammogram curves for the (a) G, (b) G/PPy 60, (c) G/PPy 120, and (d) G/PPy 360 electrodes in a KCl solution between�0.4 and
0.6 V versus SCE at scan rates of 0.01, 0.02, 0.05, 0.1, and 0.2 V/s. (e) Specific capacitance of all G/PPy electrodes by electrodeposition time, as
determined by CV with different scan rates. (f) Galvanostatic charge�discharge curves for the G, G/PPy 60, G/PPy 120, and G/PPy 360 electrodes for
comparison at a current density of 1A/g between �0.4 and 0.6 V versus SCE in 1 M KCl.

http://pubs.acs.org/action/showImage?doi=10.1021/jp205568v&iName=master.img-006.jpg&w=391&h=430


17618 dx.doi.org/10.1021/jp205568v |J. Phys. Chem. C 2011, 115, 17612–17620

The Journal of Physical Chemistry C ARTICLE

and G/PPy 60, 120, and 360. Near-ideal EDLC behavior of the
CD curves is seen by the highly linear charge and discharge
slopes, where linearity indicates that the rate of change in
potential is independent of an applied current.19 Approach to
ideality is also noted by the symmetry of the charge and discharge
slopes.1 The slight curvatures of the slopes of the G/PPy
electrodes are indicative of the pseudocapacitive effects of the
PPy, and, as expected, the curvatures becomes more pronounced
with longer electrodeposition times, indicating increased con-
tribution of pseudocapacitance to the systems. The G/PPy 120
shows a minimal internal resistance (IR) drop upon initiated
charge and discharge, illustrating the low contact resistance of the
G/PPy composites and efficient use of a capacitance current.29

This quality reduces the amount of energy lost to contact
resistance with each charge/discharge cycle in the form of heat.

Figure 7a�d shows Nyquist plots of the EIS data obtained for
pure G and composites G/PPy 60, 120, and 360 at OCP, with a
signal amplitude of 10 mV versus SCE within a frequency range
of 1 MHz to 10 mHz in 1 M KCl. At low frequencies, the real
portion of the impedance approaches a finite value, whereas the
imaginary portion of the capacitive reactance impedance nears
infinity. This is generally described by an approach of the phase
shift angle of impedance to 90�, representing ideal capacitor
charging.14 All EIS plots in Figure 7 are shown to exhibit this
behavior at low frequencies, denoting their approach to ideal
capacitance. A change of the midrange frequency impedances in
bothG/PPy 60 andG/PPy 120 gives rise to a visible knee frequency,
characteristic of the transition from frequency-dependent diffusion

resistance to pure capacitive charging behavior. A Warburg
element is often used to describe ion-diffusion resistances and
is made apparent by a 45� phase angle. The frequency-dependent
diffusion resistance increases with an increase in deposition time
as both the number of particles and particle size of PPy continue
to increase. The absence of ion diffusion and charge transfer
resistances of the untreated graphene sheets contrasts. With a
deposition time t > 300 s, the electrodeposition of Py is shown to
favor increasing the size of existing particles, and the EIS of
Figure 7d (G/PPy 360) observes a corresponding increase in the
parallel resistances present within the composite. Contributing
factors to this resistance include charge transfer resistances and
parallel faradaic resistances owing to pseudocapacitive materials.
Increasing the size and amount of PPy particles can be expected
to increase the diffusion resistance of Cl� doping ion as well as
the related charge-transfer resistance of the redox reaction. It is
interesting to note the EIS of shorter deposition times lacks the
latter resistance and primarily contributes toward increasing the
diffusion resistances, which are attributed to a change in the pore
size and structure of individual graphene sheets.

The energy densities of the electrodes were calculated using
the following eq 26

E ¼ C� ΔV
7:2

ð2Þ

where C is the specific capacitance in farads per gram, ΔV is the
potential window in volts, and E is the energy of the electrode in
watt hours per kilogram. A high energy density of 32.9 W 3 h/kg

Figure 7. Nyquist plots of the G/PPy electrodes for (a) G, (b) G/PPy 60, (c) G/PPy 120, and (d) G/PPy 360 at frequencies between 1 MHz and
10 mHz with a sinusoidal signal amplitude of 0.01 V versus SCE in 1 M KCl.

http://pubs.acs.org/action/showImage?doi=10.1021/jp205568v&iName=master.img-007.jpg&w=350&h=317
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was derived from CV data for G/PPy 120 and 8.75W 3 h/kg for G
at a scan rate of 0.01 V/s.

The power densities of the electrodes were calculated from the
ratio of energy densities to discharge time as50

P ¼ E
t

ð3Þ

where E is the energy density of the electrode in watt hours per
kilogram and t is the discharge time of the CV curve in hours, and
a power density of 315 and 1184 W/kg were obtained for G and
G/PPy 120, respectively, at 0.01 V/s.

’CONCLUSIONS

In conclusion, we have presented a simple method to create
flexible, uniform G/PPy composite films using a pulsed electro-
deposition technique. Specific capacitances as high as 237 F/g
were obtained for a moderate deposition time of 120 s. This
result compares favorably to studies with much longer and
complex processes for deposition of PPy to different carbon
scaffolds. G/PPy 120 also exhibited the highest energy with
maximum values of ∼32.9 W 3 h/kg, which was notably higher
than the values obtained for all other electrodes and compares
very favorably to literature values.14,41 It was clearly shown by
SEM that increased electrodeposition time results in increased
particle density up to 120 s total deposition time. This increase
was attributed to the favorable nucleation of new polymer chains
at defects in the graphene surface, which becomes less favorable
as defect sites are covered by existing polymer nanoparticles.

With the addition of a pseudocapacitive contribution to
graphene supercapacitor electrodes due to a conformal nano-
particle coating of redox-active PPy, it is possible to obtain high
power and energy densities while still maintaining the inherent
flexibility of graphene films. It is expected that the increases in
energy and power densities in a flexible material will lead to
numerous applications, especially in the field of personal electro-
nics and renewable energy storage.
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