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Electropolymerized Polypyrrole Nanocoatings on Carbon
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Nancy Z. Shen,[a] Brandon L. Weeks,[d] Xiaohua Huang,[c] Suying Wei,*[b] and Zhanhu Guo*[a]
spectroscopy (EIS) and can be explained by both a higher electrical conductivity and a facilitated charge transfer in the redox
reactions occurring in the former electrode. This work suggests
the possibility of fabricating polypyrrole (PPy) pseudocapactive
electrodes with high performance via a facile potentiodynamic
synthesis at low scan rates. Meanwhile, it provides an alternative to introducing surface functionalities of conductive polymers onto the carbon paper.

A highly electrically conductive and uniform polymer film containing small, evenly sized particles was potentiodynamically
electropolymerized at a slow scan rate of 50 mV s1, as compared to the strongly agglomerated and low-conducting films
obtained at higher scan rates of 100 and 200 mV s1. Cyclic voltammetry and galvanostatic charge–discharge experiments
demonstrated a higher areal capacitance, energy density, and
power density in the former material. The superior supercapacitive performance was studied by electrochemical impedance

1. Introduction
Polypyrrole (PPy) and its composites have attracted increasing
attention over the past decades because of their remarkable
electrical conductivity, good electrocatalytic properties, cost-effective processability, lightweight, tunable mechanical and
magnetic properties, and environmental friendliness.[1–3] They
have been explored for versatile applications, for examples,
electrocatalysts,[4] sensors,[5] anticorrosion coatings,[6] carbon dioxide captures,[7] solvent-resistant nanofiltration membranes
for separating organic mixtures,[8] light-emitting diodes,[9] electrochromic devices,[10] batteries,[11] and electrochemical
capacitors.[12]
Generally, chemical and electrochemical oxidative polymerizations are two main routes to prepare conductive polymers
and their composites from the monomers.[13–15] However, the
high cost of the oxidants and catalysts required for preparing
the polymers from a simple chemical polymerization makes it
impossible for large-scale manufacturing;[16] the challenge of

decreased electrical conductivity arising from polymer agglomerations during the chemical polymerization also exists.[17]
Therefore, electrochemical polymerization is often preferred
because of its convenience and cost-effectiveness, as well as
the capability of obtaining cleaner films with controllable thickness and morphology—and with a higher electrochemical conductivity and air stability.[18, 19] So far, techniques including potentiostatic (constant potential), galvanostatic (constant current), and potentiodynamic (i.e. cyclic voltammetry, CV) methods have been developed.[18]
PPy films have been reported to be electrochemically polymerized onto inert electrodes, for example, platinum, gold,
glassy carbon, and indium tin oxide (ITO) coated glasses, for
electropolymerization mechanism studies or active metals, for
example iron, for preventing metals from corrosion.[20–22]
Recently, PPy films on different substrates have attained remarkable attention for electrochemical capacitor applications
because of their fast electrochemical switching, good redox reversibility, and high pseudoapacitance values.[23] PPy films supported on platinum[24] and tantalum sheets from pulse current
polymerization,[25] or on stainless steel from galvanostatic and
potentiodynamic electropolymerization,[26] have been reported.
To fabricate self-supported electrodes, carbon nanotube networks[27] and graphene[28] have been utilized for PPy growth
via pulsed electrodeposition. However, there are problems concerning the complicated, time-consuming procedures and high
costs associated with the carbonaceous substrates preparation.
Alternatively, commercialized carbon paper (CP) turns out to
be a feasible substrate to achieve uniform and low-cost PPy
pseudocapative electrodes, which have not been explored yet.
Herein, PPy-nanocoated carbon paper (PPy/CP) electrodes
were prepared by CV, which has been proved to be more effective than other electrochemical methods in fabricating con-
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ductive thin films.[29] The scan
rates affecting the growth and
morphology of the polymer
were explored by using different
scan rates, that is, 50, 100, and
200 mV s1 to optimize the PPy
preparing conditions, which are
of significant importance to achieve the desirable electrochemical performance.[30] The obtained
PPy/CP electrodes were denoted
as PPy-50, PPy-100, and PPy-200,
respectively. The morphology
and functional groups of the
electrodes were characterized by
scanning electron microscopy
(SEM) and Raman spectroscopy,
respectively. The electrochemical
performances of the electrodes
were investigated by CV and galvanostatic
charge–discharge
(GCD) measurements. Considering the thickness (less than Figure 1. a) Schematic experimental setup of the potentiodynamic electropolymerization of PPy-50, PPy-100, and
10 mm) and negligible weight PPy-200 electrodes (left) and the corresponding digital photos of the electrodes (right). b) PPy polymer films
1
(less than 1 mg cm2) of the PPy grown at scan rates of 50, 100 and 200 mV s within a potential range of 0 to 1.2 V (vs. Ag/AgCl) in an aqueous
solution containing 0.05 m pyrrole and 0.1 m KNO3. c) Raman spectra of the PPy/CP and pure CP electrodes.
films on the carbon substrate, it
is more proper to classify these
PPy/CP electrodes as electrochemical micro-capacitors, as suggested by Gogotsi and
electrical conductivity.[36] The color variance witnessed in the
[31]
Simon.
PPy/CP electrodes suggests a higher doping level and thereTherefore, parameters including the areal capacifore a higher electrical conductivity at slower scan rates during
tance, energy, and power densities, which are more approprithe potentiodynamic electropolymerization.
ate and reliable than the traditional gravimetric capacitance,
The CV curves presenting the electropolymerization of the
power, and energy densities, are utilized to evaluate and compolymer films at different scan rates are shown in Figure 1 b,
pare the supercapacitive performances of the electrodes.[32–34]
the shapes of which are similar to those of the PPy films elecElectrochemical impedance spectroscopy (EIS) tests were contropolymerized in an acetonitrile solution of 0.1 m tetrabutylducted and the corresponding equivalent circuit models were
ammonium tetrafluorobrorate (TBATB) and 1.0 wt % H2O.[35] The
proposed to interpret the performance differences in the PPy/
CP electrodes. The stability of the electrodes was also studied
current density increases rapidly starting around + 0.7 V (vs.
by GCD.
Ag/AgCl) in the first cycle, indicating the oxidation of the monomers into radical cations.[37] The polymer growth is verified by
the increased current density in the following cycle.[38, 39] The
electropolymerization mechanism of PPy is still a subject of
2. Results and Discussion
controversy. The most accepted one[40] proposes that the elec2.1. Electropolymerization and Electronic Structure of the
tropolymerization begins by electron transfer (E) followed by
PPy/CP Electrodes
a succession of chemical reactions (C) and electron transfer reactions (E), or called E(CE)n process. The resulting films carry
Self-supported PPy/CP electrodes (PPy-50, PPy-100, and PPy200) were successfully prepared by sweeping the potential
a positive charge every three or four pyrrole units counter-balfrom 0 to + 1.2 V (vs. Ag/AgCl) at a scan rate of 50, 100 and
anced by an anion, and usually give an estimation doping
200 mV s1, respectively, in an aqueous solution containing
level between 0.20 to 0.33 for PPy.[41] It is inferred that at
0.05 m pyrrole and 0.1 m KNO3, Figure 1 a. The PPy-50 film was
slower scan rates, the positive potential applied to the electrode was changed slowly, allowing more positive charge carriobserved to be black, whereas brown was observed for PPyers to be generated and more anions to be inserted into the
100 and light brown for PPy-200. Electropolymerized PPy films
PPy backbone for charge balance; therefore, both a higher
are usually in the doped (oxidized) state, displaying brown to
doping level and a larger electrical conductivity were obtained
black colors that distinguish them from neutral PPy films,
in the polymer films, resulting in the observed color varying
which are green–yellow.[35] The color variance from brown to
from black to light brown in the polymer films.
black depends on the doping level, where the color becomes
darker with increasing doping level, which is correlated to the
ChemElectroChem 2015, 2, 119 – 126
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ity of the conjugating polymers.[50, 51] A higher band ratio indicates a higher conjugation length, therefore a higher electrical
conductivity. The band ratio follows that PPy-50 (7.52) > PPy100 (4.85) > PPy-200 (4.57), suggesting the highest electrical
conductivity in PPy-50, followed by PPy-100 and then PPy-200.

The mass normalized to the surface area (m) and the thickness (d) of the PPy polymer electropolymerized onto the CP
can be estimated from Equations (1) and (2), respectively:[42]

m¼

Q Mm þ gMd

F ð2 þ gÞA

ð1Þ
2.2. Morphology of the PPy/CP Electrodes

m
d¼
21

ð2Þ

SEM was employed to reveal the morphology of the PPy/CP
electrodes synthesized at different scan rates, Figure 2.

where m is the mass of electropolymerized PPy on CP normalized to the surface area (g cm2), Q is the total Faradic charges
consumed in the electropolymerization that can be directly
read from the instrument (C), F is Faraday’s constant
(96485 C mol1), g is the doping density (0.33 for polypyrrole),[43] Mm and Md are the molar weight of monomer
(67.09 g mol1 for pyrrole) and dopant (62.00 g mol1 for NO3),
respectively, A is the surface area of the PPy polymerized on
the CP (cm2), d is the thickness of the PPy thin film on the
carbon paper (cm), and 1 is the density of the PPy
(1.5 g cm3).[44] The calculated mass of PPy electrodeposited on
CP normalized to the surface area is approximately 1.97  108,
1.60  108, and 2.04  108 g cm2, and the corresponding
thickness is calculated to be around 6.6, 5.4, and 6.8 nm for
PPy-50, PPy-100, and PPy-200, respectively. The thin thickness
and the negligible mass of the polymer films suggest that
these PPy/CP electrodes are more suitable for microcapacitor
applications.[31]
Raman spectroscopy is a powerful and useful tool for providing information of the electronic structure, that is, conjugation length or electrical conductivity of the conjugated polymers,[45] which is closely associated with the supercapacitive
performances of the conductive-polymer-based supercapacitors.[46] Figure 1 c shows the Raman spectra of PPy/CP electrodes (PPy-50, PPy-100, and PPy-200) and CP. The peaks at
1308 and 1595 cm1 correspond to the D and G-bands of the
carbon in the CP, respectively.[47] The formation of PPy films is
evidenced by the characteristic spectrum of PPy and the bands
are assigned from Furukawa et al.[48] The C=C stretching peak
at 1608 cm1, the most important peak, is considered to be an
overlap of the oxidized structures. The band located at
1495 cm1 is responsible for the skeleton stretching. The peaks
at 1312 and 1238 cm1 are assigned to the antisymmetrical
CN stretching and antisymmetrical CH in plane bending, respectively. The peak at 1041 cm1 is indexed for the symmetrical CH in plane associated with the dication (bipolaron). The
peaks at 922 and 984 cm1 are assigned to the ring deformation associated with the dication and radical cation (polaron),
respectively. The much more intensified Raman bands related
to the oxidized species and the dipolarons witnessed in PPy-50
than its counterparts have demonstrated an increased doping
level and dipolaron content of the PPy film with decreasing
the CV scan rate during the synthesis process.[49]
Furthermore, the band ratio of the oxidation state of PPy
(the band at 1608 cm1) to the intensity of the skeletal band
(the band at 1495 cm1) gives a qualitative estimation of the
conjugation length, which is related to the electrical conductivChemElectroChem 2015, 2, 119 – 126
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Figure 2. SEM images of pure CP and PPy-50, PPy-100, and PPy-200 electrodes. The inset is the image at a higher magnification.

A proper morphology with optimized microstructure will
enable electrodes with a higher specific surface area and a facilitated electrolyte ion transport, which helps to accomplish
desirable supercapacitive performances.[52] Pure CP displays
a relatively smooth surface, with narrow grooves distributed
parallel along the longitudinal direction of the carbon fiber,
Figure 2 a. The polymer films are observed on the carbon fiber
surface in the PPy/CP electrodes, Figure 2 b–d. PPy-50 displays
a uniform film with evenly sized particles, Figure 2 b. However,
agglomerations are evolved when the electropolymerization
scan rate is increased to 100 mV s1, Figure 2 c; and this phenomenon becomes even more severe with further increasing
the scan rate to 200 mV s1, Figure 2 d. An uneven PPy film
with agglomerated particles is observed for PPy-200. The results are well consistent with the previous studies that the potentiodynamic electropolymerization at lower scan rates yields
polymer films with much more uniform morphologies in the
case of electropolymerized a-tetrathiophene.[53] Therefore, it
can be concluded that slower scan rates are necessary to
obtain polymer films of high quality in the electropolymerization process.
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electrodes, as revealed by SEM
images, Figure 2. PPy-50, with
smaller sized PPy polymer nanoparticles, could provide a larger
specific surface area allowing
more ions to diffuse and to take
part in the redox reactions.[57]
Meanwhile, the higher electrical
conductivity of PPy-50 compared
to PPy-100 and PPy-200, as confirmed by Raman spectra, facilitates electron transport for faster
redox reactions, which will also
contribute to better supercapacitive performances.[58] Compared
with the areal capacitances
under scan rates from 50 to
1000 mV s1, the areal capacitance decreases with increasing
scan rate, which can be ascribed
to the relatively slower ion diffusion and decreased utilization ef1
2
Figure 3. a) CV curves at 1000 mV s , b) GCD curve at 5.0 mA cm , c) EIS Nyquist, and d) Ragone plot for PPy/CP
ficiency of the electrode materiand pure CP electrodes in a 1.0 m H2SO4 aqueous solution.
als with only relatively large
pores accessible to ions at
higher scan rates.[59]
2.3. Electrochemical Properties of the PPy/CP Electrodes
Galvanostatic charge–discharge measurements at different
The capacitive performances of the PPy/CP electrodes were
current densities (10, 5, 3, 2, 1 mA cm2) were further carried
studied by CV at a high scan rate of 1000 mV s1, Figure 3 a,
out to investigate the supercapacitive properties of the PPy/CP
electrodes. Table 2 gives the areal capacitances of the PPy/CP
and other scan rates (500, 200, 100, and 50 mV s1) within a poand CP electrodes at different current densities. Consistent
tential range of 0.2 to 0.8 V in 1.0 m H2SO4. The significantly
with the CV results, PPy-50 exhibits the highest capacitances.
enhanced current densities of the PPy/CP electrodes compared
Specifically, an areal capacitance of 15.90 mF cm2 is obtained
to those of CP suggest a main contribution from pseudocapa[54]
citance arising from the PPy polymer films. Higher current
for PPy-50, compared with 6.37, 2.38, and 1.12 mF cm2 for
densities and larger enclosed CV areas are witnessed in PPy-50,
PPy-100, PPy-200, and CP, respectively, at 1.0 mA cm2. The
followed by PPy-100, and then PPy-200, indicating more
smaller IR drop observed in PPy-50, followed by PPy-100, PPyenergy stored in the PPy/CP electrodes prepared at slower
200, and then CP (0.17, 0.18, 0.38, and 0.63 V for PPy-50, PPyscan rates.[55] The areal capacitances of the PPy/CP and CP elec100, PPy-200, and CP, respectively, at the beginning of the distrodes at different scan rates are summarized in Table 1. The
charging process at a current density of 5 mA cm2), Figure 2 b,
2
further confirms a better electrical conductivity of PPy-50 comhighest areal capacitance of 13.42 mF cm is obtained for PPypared to PPy-100 and PPy-50, which is in good agreement
50, compared with 7.2, 3.58, and 1.87 mF cm2 for PPy-100,
PPy-200, and CP, respectively, at a scan rate of 50 mV s1. The
with the Raman spectral analysis. A higher electrical conductivvalues are consistent with those reported for the PPy-based
ity facilitates redox reactions occurring in PPy-50, giving rise to
electrodes that are around 8–15 mF cm2.[56] The better perbetter supercapacitive performances.[60, 61] Meanwhile, the caformances of PPy-50 compared to PPy-100 and PPy-200 might
pacitance decreases upon increasing the current density, as obbe explained by the morphology differences in the PPy/CP
served in the CV measurement. This phenomenon is also ex-

Table 1. Specific capacitance [mF cm2] for PPy/CP and CP electrodes at
different rates.

Table 2. Specific capacitance [mF cm2] for PPy/CP and CP electrodes at
different current densities.

Scan rate [mV s1]

CP

PPy-50

PPy-100

PPy-200

Current density [mA cm2]

CP

PPy-50

PPy-100

PPy-200

1000
500
200
100
50

0.50
0.63
0.93
1.29
1.87

6.95
8.26
9.99
11.34
13.42

3.93
4.35
5.20
5.97
7.12

2.05
2.32
2.67
3.08
3.58

10
5
3
2
1

0.64
0.60
0.66
0.74
1.12

9.18
9.64
10.32
11.21
15.90

4.17
4.22
4.59
4.95
6.37

2.10
2.13
2.26
2.22
2.38
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found for PPy-50, compared with 6.6, 7.7, and 7.9 W for PPy100, PPy-200, and CP. The smaller Re in PPy-50 benefits the achievement of both higher energy and power densities.[65] In addition, a lower Rct of 1774 W is found for PPy-50, compared
with 2466 W for PPy-100, 7104 W for PPy-200, and 5835 W for
CP. The reduced Rct is inferred to be arising from a better conductivity and smaller particles with larger specific surface area
that provide kinetically facile sites for charge transfer in the
film. Consistently, a much higher value of 0.01929 F is achieved
for PPy-50, as compared with 0.008136, 0.004189, and 0.00171
F for PPy-100, PPy-200, and CP, respectively, which is in good
consistence with the CV and GCD results. Both the reduced Re
and Rct values are responsible for the higher areal capacitances
in PPy-50. The values of n are around 0.9, suggesting capacitive behaviors for the PPy/CP thin-film electrodes.[66] Meanwhile, the variation of n1 values implies different morphologies
of the electrode materials, as confirmed by the SEM images,
Figure 2.
The overall performances of the electrodes are shown in
a Ragone plot, Figure 3 d. It is obvious that PPy-50 demonstrates the highest energy densities and power densities. At
a low current density of 1.0 mA cm2, PPy-50 is capable of delivering an energy density of 2.05 mWh cm2 at a power density
of 482.1 mW cm2. Even if the current density is increased to
10.0 mA cm2, the energy density can still reach a value as high
as 0.61 mWh cm2 at a power density of 3468.9 mW cm2. These
values are comparable to the reported 4.05 mW cm2 for the
power density in the PPy films prepared by electropolymerizing pyrroles onto a Ti layer topped current collector.[67] In comparison, the energy densities are only 0.82, 0.28, and
0.09 mWh cm2 for PPy-100, PPy-200, and CP at 1.0 mA cm2,
and 0.26, 0.08, and 0.00004 mWh cm2 at 10.0 mA cm2, for PPy100, PPy-200, and CP, respectively. As discussed before, the
higher areal capacitances and the better electrical conductivities are responsible for both superior energy and power densities in PPy-50 compared to its counterparts.

plained by the scan-rate-dependent diffusion of counter ions
to the electrode material, where both the outer- and innerpore surfaces are utilized at lower scan rates and only the
outer pores will be accessed by the ions at higher scan
rates.[62, 63]
Electrochemical processes occurring in the PPy/CP electrodes were derived from EIS measurements in a 1.0 m H2SO4
aqueous solution ranging from 100000 to 0.01 Hz. Figure 3 c
shows the Nyquist plots of CP and the PPy/CP electrodes and
the inset is the magnified view of the high frequency. An
equivalent circuit has been proposed to model the supercapacitor behavior considering the electrochemical processes in the
system. The equivalent circuit consists of an equivalent series
resistance Re (arising from the ohmic resistance of the electrolyte, the internal resistance of the electrode materials, and contact resistance between electrodes and current collectors) in
series with a charge-transfer resistance at the electrode/electrolyte interface, Rct, which is in parallel to a constant phase element (CPE) impedance, Scheme 1. As defined by Equation (3),

Scheme 1. Equivalent circuit for PPy/CP and pure CP electrodes.

CPE is usually employed in replace of ideal capacitors considering the inhomogeneity and roughness of the electrodes:[64]
ZCPE ¼ TCPE ðjwÞn

ð3Þ

where ZCPE is the complex impedance of CPE, TCPE and n are frequency-independent constants, and w is the angular frequency
(w = 2pf, f is the frequency). n is related to the roughness of
the electrode surface with a value ranging from zero to one
for an CPE. n is zero for a resistor, one for an ideal capacitor,
and 0.5 for a Warburg impedance (mass transfer impedance).
The parameter values fitted by the ZsimpWin electrochemical software are listed in Table 3. The mean error is less than
0.1 %, suggesting the validity of the model. Caution: the fitings
are good in terms of following the experimental points with
the selected model, but the parameter values are just indicative, owing to the uncontrollable aspects of the minimisation
process underlying their estimate. An Re value of 5.7 W is

2.4. Cycling Stability of the PPy/CP Electrodes
The long-term charge–discharge cycling stability of the PPy/CP
and CP electrodes is investigated at a current density of
3 mA cm2. Even though the capacitance retention of PPy-50 is
slightly lower than its counterparts (51.3 % for PPy-50, 59.3 %
for PPy-100 and 63.5 % for PPy-200, inset of Figure 4), the
former still possesses a much higher areal capacitance compared to the latter after 1000 cycles. The relatively poor cycling
stability observed for PPy-50 results from the fact that more
ion intercalation/deintercalation occurs in the observed longer
charge–discharge process. The fading electrochemical performances in the conductive polymer-based electrodes is interpreted as the structural degradation caused by the swelling and
shrinkage of the materials during the redox reactions.[68] However, the capacitance retention of PPy-50 is still higher than
the reported value of less than 50 % for most PPy-based electrodes after cycling for 1000 times.[69]

Table 3. Fitting values for the equivalent-circuit elements from the EIS
data.
Electrode

Re [W]

Rct [W]

CPE [F]

n

CP
PPy-50
PPy-100
PPy-200

7.9
5.7
6.6
7.7

5835
1774
2466
7104

0.001717
0.01929
0.008136
0.004189

0.7719
0.9376
0.9158
0.9432
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standing in the solution (higher than the solution level) served as
the working electrode. The electrochemical polymerization was
performed for two cycles scanned from 0 to + 1.2 V (vs. Ag/AgCl)
according to the literature[37] at a scan rate of 50, 100, and
200 mV s1, respectively, in 10 mL aqueous solution containing
0.05 m pyrrole and 0.1 m KNO3, Figure 1 a. The exact height of the
PPy nanocating on CP was measured using a caliper, and the corresponding area was calculated given the known width of the
carbon paper (1.0 cm). The electrodes consisting of the PPy nanocoatings on CP were denoted as PPy/CP, and the electrodes were
used directly as the supercapacitor electrodes.

Characterization
The morphology of the electrodes was observed using a Hitachi
S4300 scanning electron microscope. Raman spectra were obtained using a Horiba Join-Yvon LabRam Raman confocal microscope with 785 nm laser excitation at a 1.5 cm1 resolution at
room temperature.

Figure 4. Cycling stability of the PPy/CP and CP electrodes.

Electrochemical measurements were carried out using a three-electrode configuration. CV experiments were performed by scanning
from 0.2 to 0.8 V in a 1.0 m H2SO4 aqueous solution. GCD measurements were performed in the potential range from 0.2 to
0.8 V. The working window from 0.2 to 0.8 V was determined by
both the stability of the electrolyte and the PPy polymers.[68] EIS experiments were carried out at frequencies ranging from 100000 to
0.01 Hz at a 5 mV amplitude referring to the open circuit potential
(OCP), the most popular way to run the measurement so far. The
equivalent-circuit models were fitted with the ZsimpWin software.
The stability of the electrodes was assessed using charge–discharge measurements at a current density of 3 mA cm2 for 1000
cycles. All the characterizations were carried out at room temperature in air.

3. Conclusions
Polypyrrole nanocoating films electropolymerized on carbon
paper via simple cyclic voltammetry at scan rates of 50, 100,
and 200 mV s1 were directly used as electrode materials for
electrochemical energy supercapacitors. The PPy-50 material
exhibits a much more uniform PPy film with smaller particle
sizes and a higher electrical conductivity compared to its counterparts PPy-200 and PPy-100. Consistently, the former displays
a superior performance in terms of areal capacitance, energy
density, and power density, which is attributed to the higher
conductivity and facilitated charge-transfer resistance. Meanwhile, the uniform conductive polypyrrole nanocoatings on
carbon paper justify an alternative to treat carbon materials
with conductive polymers via electropolymerization.

Calculations of Areal Capacitance, Energy Density and
Power Density
The areal capacitance of the electrodes was calculated from the
corresponding CV curves at different scan rates from 0.2 to 0.8 V
in 1.0 m H2SO4 aqueous solution using Equation (4):[72]

Experimental Section
Materials
Pyrrole (C4H5N,  98 %), potassium nitrate (KNO3,  99.0 %), and sulfuric acid (H2SO4, 95.0–98.0 %) were purchased from Sigma Aldrich.
The carbon papers (thickness: (0.010  0.001) inch, density:
0.46 g cm3, mean pore diameter: 30 mm, electrical resistivity:
2 W cm1) were provided by Fuel Cell Store, USA. Pyrrole was distilled before electropolymerization.

Cs ¼ ð


ð2S  DV  nÞ

ð4Þ

The areal capacitance of the films from the GCD curves was calculated using Equation (5):

The PPy-nanocoated carbon paper (PPy/CP) electrodes were prepared via potentiodynamic electropolymerization of pyrrole monomers onto pure CP performed on a VersaSTAT 4 potentiostat
(Princeton Applied Research) in air. A scan rate of 100 mV s1 was
usually employed for the potentiodynamic preparation of PPy films
with varied cycles.[70, 71] Therefore, a slower scan rate of 50 mV s1
and higher scan rates of 200 and 100 mV s1 for two cycles were
chosen in the study. A typical electrochemical cell consisting of
a reference electrode, a working electrode, and a counter electrode
was employed. Ag/AgCl served as the reference electrode and
a platinum (Pt) wire as the counter electrode. CP (2.0 cm  3.0 cm)
www.chemelectrochem.org

idVÞ

where Cs is the specific areal capacitance in F cm2, is the integrated area of the CV curve, S is the surface area of the active materials
in the single electrode in cm2, DV is the scanned potential window
in V, and n is the scan rate in V s1.

Fabrication of the PPy/CP Electrodes

ChemElectroChem 2015, 2, 119 – 126

Z

Cs ¼ ði  tÞ=ðS  DVÞ

ð5Þ

where Cs is the areal capacitance in F cm2, i is the discharge current in A, t is the discharge time in s, S is the surface area of the
active materials in the electrode in cm2, DV is the scanned potential window (excluding the IR drop at the beginning of the discharge process) in V.
The energy density, E, and power density, P, of the electrode materials were calculated from Equations (6) and (7), respectively:[73, 74]
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where E is the areal energy density in Wh cm2, P is the areal
power density in W cm2. Cs is the areal capacitance in F cm2, DV
is the scanned potential window (excluding the IR drop at the beginning of the discharge) in V, t is the discharge time in s.
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