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ABSTRACT We report on the electrochemical and capacitive behaviors of poly(2,2-dimethyl-3,4-propylene-dioxythipohene) (PProDOT-
Me2) films as polymeric electrodes in Type I electrochemical supercapacitors. The supercapacitor device displays robust capacitive
charging/discharging behaviors with specific capacitance of 55 F/g, based on 60 µg of PProDOT-Me2 per electrode, that retains over
85% of its storage capacity after 32 000 redox cycles at 78% depth of discharge. Moreover, an appreciable average energy density
of 6 Wh/kg has been calculated for the device, along with well-behaved and rapid capacitive responses to 1.0 V between 5 to 500 mV
s-1. Tandem electrochemical supercapacitors were assembled in series, in parallel, and in combinations of the two to widen the
operating voltage window and to increase the capacitive currents. Four supercapacitors coupled in series exhibited a 4.0 V charging/
discharging window, whereas assembly in parallel displayed a 4-fold increase in capacitance. Combinations of both serial and parallel
assembly with six supercapacitors resulted in the extension of voltage to 3 V and a 2-fold increase in capacitive currents. Utilization
of bipolar electrodes facilitated the encapsulation of tandem supercapacitors as individual, flexible, and lightweight supercapacitor
modules.
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INTRODUCTION

Electroactive conjugated polymers (ECPs) have shown
substantial promise in applications of organic devices
from energy harvesting (1) to electrochromic displays

(2). One of the emerging fields of conjugated polymer
research is in the development of electrode materials in
charge storing applications (3-5). The perspective of manu-
facturing low-cost, lightweight, and flexible power storage
devices for applications such as portable consumer electron-
ics, military applications, and electronic vehicles has moti-
vated this field of research to the forefront.

Electrochemical supercapacitors of relatively high energy
and power densities are part of a significant field of electro-
chemical energy storage as they bridge the gap between
conventional capacitors and batteries (4, 6). Specifically,
electroactive polymers are attractive capacitive materials as
they are capable of storing charge in the electrical double
layer, as well as in the polymer matrix by rapid faradaic
charge transfer. The redox process requires an intimate
interaction between polymer films and the electrolytes for
ions to not only penetrate though the polymeric matrix, but
also to maintain electroneutrality of the system, which
ultimately gives rise to charge storage responses (3, 7).

In addition to conducting polymers as charge storing
electrodes, other types of energy storage materials in super-
capacitors include carbon composites and inorganic metal
oxides. Contrary to redox-active supercapacitors, carbon-
based double layer capacitors operate solely on electrostatic

surface charge accumulation. Inorganic materials, such as
ruthenium oxides and other metal oxides, have also shown
promise, but these materials typically suffer from poor
electrical conductivity. In contrast, conjugated polymers
have high conductivity in their doped state and display fast,
reversible, and stable electrochemical behavior. Redox-
active supercapacitors can be designed to ensure that the
entire volume of the polymer is involved in the charge
storage process. Furthermore, there is great potential in
utilizing ECPs for charge storage devices as these polymer
materials exhibit reduced cost, weight, and environmental
impact relative to the traditional inorganic materials.

While highly regarded as the first conducting polymer
discovered by MacDiarmid et al., polyacetylene also func-
tioned as the prototype material in polymeric charge storage
applications (8-10). Polyacetylene electrodes have the abil-
ity to constitute as both the cathode and the anode with
p-doping and n-doping capabilities; however, the advance-
ment of polyacetylene-based batteries was hindered because
of inherent instability and processing difficulties. Although
polyacetylene set the platform for ECP-based batteries, the
ability to utilize capacitive currents of electroactive conduct-
ing polymers was later suggested by Feldberg in his electro-
chemical analyses of polypyrrole and polythiophene (11).

Since the initial reports of utilizing electroactive polymers
in redox-active supercapacitors (7, 12, 13), there has been
continuous interest in developing other conjugated polymers
in charge storing applications, in particular polyaniline,
polypyrrole, polythiophene, and their derivatives (14-19).
Polyaniline has demonstrated charging storing capabilities
in both nonaqueous and aqueous electrolytes with high
electrochemical stabilities and specific capacitances ranging
from 100 to 250 F/g (20). Polypyrrole has also shown
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promise in both battery and supercapacitor research with
specific capacitance of 40-85 F/g (12, 21, 22). Poly-
thiophene, albeit with reports of high capacitance values of
250 F/g, has shown limited progress in energy storage
because of their electrochemical instability (23). However,
electron-rich derivatives of polythiophene, for example,
poly(3,4-ethylenedioxythiophene) (PEDOT), have been ex-
tensively studied as a supercapacitor electrode because of
their excellent electrochemical stability, fast redox switching
speeds and high specific capacitances (24-26).

Subsequently, derivatives of poly(3,4-alkylenediox-
ythiophene)s that are structurally similar to PEDOT have
been developed for electrochemical devices. Chemically
synthesized poly(3,4-propylenedioxythiophene) (PProDOT)
and similar derivatives have been well-characterized as
electrochromic polymers due to their high optical contrast,
rapid switching times, electrochemical lifetimes, and high
coloration efficiency (27-29). Although PProDOTs exhibit
excellent electrochromic properties, their capacitive behav-
ior has not received as extensive attention. Previously,
Stenger-Smith prepared Type II supercapacitors based on
two different p-dopable electron-rich conjugated polymers,
PEDOT and PProDOT, in which capacitive properties were
investigated as a function of supporting electrolytes (30).
Their results showed improved electrochemical stability in
ionic liquid electrolytes, specifically, 1-ethyl-3-methyl-1H-
imidazolium bis(trifluoromethanesulfonyl)imide (EMI-BTI).
Also, Schulz demonstrated capacitive behavior of PProDOT
films on carbon fiber microelectrodes as charge storing
materials (31). Most recently, Irvin investigated PProDOT-
based supercapacitors utilizing ionic liquid electrolyte blends
at low temperatures from -30 °C up to 60 °C, with 10%
capacity loss after 10 000 cycles at 70% depth of discharge
(32).

In this report, we describe the electrochemical polymer-
ization and capacitive properties of PProDOT-Me2 as poly-
meric electrodes for Type I electrochemical supercapacitors.
Exhibiting excellent capacitive behavior between-0.7 to 0.8
V versus Ag/Ag+, rapid redox switching from 10 to 1000
mVs-1, and stable electrochemical responses, films of PPro-
DOT-Me2 are excellent charge storing materials for ECP-
based supercapacitors. As such, constructed with PProDOT-
Me2 electrodes, Type I electrochemical supercapacitors
display robust capacitive currents within a 1.0 V window,
rapid redox switching up to 500 mVs-1, and a stable
electrochemical switching lifetime of over 32 000 cycles at
100 mVs-1 and 78% depth of discharge. These results are
comparable to the Type II supercapacitors based on the
parent PEDOT and PProDOT mentioned above (30) and
position us well for developing these capacitors further. In
addition, we describe our abilities to extend the cell voltage
and capacitive currents with multiple supercapacitors coupled
in tandem. To date, there has been little reported effort in
developing electroactive polymer based supercapacitor mod-
ules and, to the best of our knowledge, no previous report
of compact laminated devices (33). In our work, a stable 4.0
V tandem device was assembled with four supercapacitors

in series, whereas a 4-fold increase in capacitive currents
was obtained with parallel constructs. The potential of a
tandem supercapacitor is realized in the combination of both
serial and parallel assemblies to achieve high cell voltage and
capacity simultaneously. These studies demonstrate the
ability to couple supercapacitors, which with the use of
bipolar electrodes, are ultimately encapsulated as a single
supercapacitor module.

EXPERIMENTAL SECTION
Materials. 2,2-Dimethyl-3,4-propylenedioxythiophene (Pro-

DOT-Me2) was synthesized via the transetherification between
3,4-dimethoxythiophene and 2,2-dimethyl-1,3-propanediol ac-
cording to the methodologies previously reported (34). 1-Ethyl-
3-methyl-1-H-imidazolium bis(trifluoromethylsulfonyl) imide
(EMI-BTI) was purchased from Covalent Associates Inc. and
lithium bis-(trifluoromethylsulfonyl)imide (Li-BTI) was pur-
chased from Aldrich and both were used as received. Propylene
carbonate (PC) and acetonitrile (ACN), purchased from Sigma-
Aldrich, were distilled over calcium hydride prior to use. Gold-
coated Kapton substrates (Gold 1000 Å; 1 mil Kapton/3 M 966
adhesive) were purchased from Astral Technology Unlimited.
Contacts for the electrodes were made from conductive adhe-
sive copper tape (1131, 3M). Thermal encapsulation lamination
(Wilson Jones, LP35HS) was utilized with heat seal laminating
pouch (GBC, 3 mil).

Electrode Formation and Characterization. All electrochem-
istry was performed using an EG&G model PAR273A poten-
tiostat/galvanostat. ProDOT-Me2 was electrochemically polym-
erized and deposited by potentiodynamic deposition scans in
a three-electrode cell containing 10 mM ProDOT-Me2 in 0.1 M
LiBTI/acetonitrile supporting electrolyte. The extent of elec-
trodeposition was controlled by the number of potentiodynamic
deposition scans (e.g., five deposition scans corresponds to
approximately 25 mC/cm2 of charge) between -1.0 to 1.31 V
versus Ag/Ag+ at 50 mVs-1. The area of gold/Kapton electrode
coated with polymer is predetermined by the surface area
immersed in the electrochemical cell, in this case ∼1.0 cm2.
Electrodeposition and electrochemical studies of the polymer
films were carried out in a single-compartment three-electrode
cell with a platinum flag as the counter electrode, Ag/Ag+ as the
reference electrode containing 10 mM AgNO3 in 0.1 M LiBTI/
ACN supporting electrolyte solution, and gold/Kapton as the
working electrodes. Bipolar electrode were prepared by adher-
ing two gold/Kapton electrodes between an insulator. Electro-
chemical polymerization onto bipolar electrodes proceeds via
a “pseudo flat-cell” in which the gold/Kapton as the working
electrode is localized between single-compartment three-
electrode cells. The bipolar electrodes are reinforced with
copper tape on the side of electrodeposition to ensure no
electrical shorting occurred.

Assembly of Supercapacitor Device. PProDOT-Me2 was
electrochemically polymerized using the previously discussed
methods. Flexible conductive gold-coated Kapton electrode
substrate (∼1.0 × 2.0 cm2) was used as the working electrode.
Electrochemically deposited polymer films covered the gold-
coated Kapton (∼1.0 cm2), leaving ∼1.0 cm2 free of polymer.
The working electrode (cathode) was oxidatively doped (0.9 V
versus Ag/Ag+ for 30 s), while the counter electrode (anode) was
neutralized (-0.6 V versus Ag/Ag+ for 30 s) prior to device
assembly to ensure balance of charge. Ionic liquid electrolyte
blend (1:1 ratio of EMI-BTI to PC) was applied to the polymer
surface before encapsulation. A 30 µM thick separator paper
was placed between the two electrodes. The device was ther-
mally encapsulated with 3 mil laminate pouch. All device
fabrications and electrochemical measurements were per-
formed in air.
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RESULTS AND DISCUSSION
Polymer-Based Supercapacitors. A schematic dia-

gram for the electrochemical supercapacitor device utilizing
PProDOT-Me2 characterized in this study is shown in Figure
1. The general assembly method for these supercapacitor
devices employ a sandwich-type configuration of two facing
conductive electrodes coated with electropolymerized elec-
troactive polymers and separated by a porous membrane
containing ionically conductive electrolyte. The use of an-
other PProDOT-Me2 as the counter electrode ensures charge
balance of redox reactions taking place on the cathode and
the anode during the charging and discharging processes.
In scenarios of supercapacitor modules, as elaborated in
later sections, bipolar electrodes are utilized with multiple
cathodes and anodes sandwiched to construct the module
device. In this report, symmetrical electrodes are the focus
in developing highly capacitive, rapid redox switching, large
cell voltage, and highly stable Type I PProDOT-Me2-based
supercapacitors.

Polymer Electrode Properties. Figure 2a shows a
repeated oxidative cyclic voltammetric electropolymeriza-

tion of PProDOT-Me2 on a gold/Kapton substrate. The gold
on Kapton provides high conductivity and excellent me-
chanical flexibility. The initial anodic sweep displays a
monomer oxidation peak potential (Ep,m) of 1.21 V vs Ag/
Ag+. Subsequent scans exhibit increases in current density
(between -0.5 V to 1.0 V vs Ag/Ag+), which is indicative of
electrodeposition on the working electrode. The resulting
polymer is electrochemically cycled in monomer-free sup-
porting electrolyte, demonstrating a highly reproducible
redox (doping/undoping) process centered at -0.31 V (E1/2),
which is determined from the average of the peak anodic
potential (-0.23 V) and the peak cathodic potential (-0.39
V) (Figure 2b). The amount of electrodeposited polymer on
the electrode was controlled by the number of potentiody-
namic cycles during electropolymerization. It is necessary
to have the same amount of polymer on each electrode to
maintain charge balance upon charging and discharging in
the supercapacitor device.

The polymer electrochemistry is monitored as a function
of increasing scan rates (10 to 1000 mV s-1) in Figure 2c in
which the peak currents are probed as a function of scan
rate (Figure 2d). The linear dependence indicates the redox
process is electrode-confined and well-behaved to relatively
rapid switching rates. Prior to supercapacitor assembly,
polymer films are neutralized and oxidized at constant
potentials (-0.6 and 0.9 V vs Ag/Ag+) to prepare the anode
and cathode.

Type I Supercapacitor. The charging/discharging
cyclic voltammogram of a Type I PProDOT-Me2 based
supercapacitor as a two-electrode cell is highlighted in Figure
3a. The supercapacitor demonstrates near ideal and highly

FIGURE 2. (a) Electrodeposition of PProDOT-Me2 on Au/Kapton substrates via 5 repetitive potentiodynanmic cycles from -1.0 to +1.31 V vs
Ag/Ag+ at 50 mVs-1 using 10 mM ProDOT-Me2 in 0.1 M LiBTI/ACN supporting electrolyte (b) PProDOT-Me2 redox switching in 0.1 M LiBTI/ACN
supporting electrolyte at 50 mVs-1 from -0.7 V to 0.8 V vs Ag/Ag+ for 20 cycles (approximately 25 mC/cm2 of charge). (c) Electrochemical
redox switching of PProDOT-Me2 as a function of increasing scan rates, from 10 to 1000 mV s-1. (d) Anodic and cathodic peak current as a
function of scan rate showing linear dependence.

FIGURE 1. (a) Schematic and (b) photograph of a thermally laminated
Type I PProDOT-Me2 based electrochemical supercapacitor.
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capacitive response as observed from the rectangular-
shaped CV. As seen from theory in the case of a pure
capacitive process, a rapid increase and plateau of current
density upon charging followed by its mirror-image upon
discharging are distinctive signs of capacitive behavior in
these electrochemical capacitor processes. The device main-
tains stable current (0.3 mA/cm2) throughout the 1.0 V
operating window. The charging/discharging cyclic voltam-
mogram monitored at 50 mVs-1 shows minimal current
density loss after 50 redox cycles, as the reproducible
current response was broken in. It is important to note that
the sharp increase and decrease in current density at 0.0 V
and 1.0 V respectively demonstrates the ability of the
supercapcitor to charge and discharge rapidly. The lifetime
of the supercapacitor is monitored with repeated cyclic
voltammetric charging and discharging cycles (Figure 3b).
After more than 32,000 redox cycles at 78% depth of
discharge and 100 mVs-1 cycling rate, the supercapacitor
retained 85% of its charge storing capacity to demonstrate
its ability to perform with high stability requirements.

The ability of the symmetric PProDOT-Me2 electrochemi-
cal supercapacitor to charge and discharge at high scan rates
is illustrated in Figure 4a. Scan rate dependence studies
between 5 to 500 mVs-1 over a 1.0 V operating window

demonstrate the supercapacitor to charge and discharge
effectively at low and high scanning rates. Even at fast scan
rates, the device is capable of maintaining the near ideal
rectangular CV shape as excellent capacitive behavior is
observed throughout the voltage window at all scan rates
with rapid charging and discharging responses. In Figure 4b,
a linear relationship is seen between the average current
density (monitored at 0.5 V) and the scan rate. This trend
indicates the polymeric materials in the device are not only
highly electroactive, but the electrolyte in the device ef-
fectively compensates both the neutral and oxidized poly-
mer electrodes, especially throughout the entire matrix of
the film. More importantly, the supercapacitor areal capaci-
tance is nearly consistent throughout the scan rate regime.
This observation is consistent with ideal electrochemical
supercapacitors as the capacitance is independent of charg-
ing/discharging rates.

To better characterize the behavior of PProDOT-Me2 for
supercapacitor applications, the Type I device was probed
under galvanostatic charge/discharge cycles. Figure 5 shows
the charging/discharging cycles at an applied constant cur-
rent of 0.5 mA/cm2 in the potential range between 0 and
+1.0 V. The symmetry of the charge and discharge profile
shows good capacitive behavior.

The mirror images of charging and discharging curves
demonstrate reproducibility and reversibility, having charg-
ing and discharging times of approximately 12 s at 0.5 mA/
cm2 applied currents and as short as 5 s for 1.0 mA/cm2.

FIGURE 4. (a) Device charging and discharging at as a function of scan rate from 5 to 500 mV s-1. (b) Current and capacitance as a function
of scan rate for symmetric PProDOT-Me2 Type I supercapacitor.

FIGURE 3. (a) Two-electrode device with symmetric PProDOT-Me2

electrodes. Device charging and discharging at 50 mVs-1 at 1.0 V
voltage window. (b) Device current density and capacitance for a
separate device at 0.5 V, with 85% capacity retained over 32 000
charging/discharging cycles at 100 mVs-1.

FIGURE 5. Galvanic charging/discharging curves of a single sym-
metric PProDOT-Me2 supercapacitor. Potentials were cycled from 0.0
to 1.0 V at a current density of 0.5 mA/cm2. Tc and Td represent
charge and discharge time, respectively.
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Tandem Supercapacitors. It is well-known that ef-
forts to increase energy density in ECP-based supercapaci-
tors demand not just high, but also a stable operating cell
voltage. In this context, n-dopable polymers capable of
spanning the cell voltage have previously been developed
as charge storing materials (12, 35). While Type III and IV
supercapacitors are able to operate in the 2.0-3.0 voltage
range, electrochemical instability is often an issue. As a
result, there is a trade-off between high energy density and
stability at lower voltages. To improve the voltage window
without employing n-dopable polymers, we have developed
a strategy in which solely p-dopable polymers are utilized
and incorporated into supercapacitors coupled in tandem.
The assembly of multiple supercapacitors has a cumulative
effect in which a widening of cell voltage and an increase in
capacitive currents is expected when coupled in series and
in parallel, respectively.

As shown via cyclic voltammetry experiments presented
in Figure 6, the single supercapacitor (Figure 6a), serving as
the model device, shows robust capacitive properties to 1.0
V while passing 0.3 mA/cm2 of current. With approximately
60 µg of PProDOT-Me2 and residual electrolyte per electrode,
as determined post electrochemical switchings, the specific
capacitance relative to total polymer mass is 55 F/g and
average energy density of 6 Wh/kg. As two supercapacitors
are coupled in series (Figure 6b), the CV exhibits capacitive
behavior and reversibility throughout the 2.0 V window with
0.18 mA/cm2 of current, or 15 F/g relative to the total
polymer mass. The ability to maintain a steady current
during the charging/discharging processes highlights the
capacitive properties of the PProDOT-Me2 along with
the ability to couple supercapacitors successfully. While the
tandem serial supercapacitor improves the voltage window,
it is important to note the concurrent diminution of current
with additional devices. As two supercapacitors are coupled
in series, the current is decreased due to added resistance.
To address this issue, tandem supercapacitors are assembled
in parallel to increase the current passing through. Relative
to a single supercapacitor (Figure 6a), the charging/discharg-
ing CV of tandem parallel supercapacitors, as illustrated in
Figure 6c, exhibits a 2-fold increase in current (55 F/g) while

maintaining a steady capacitive behavior and reversibility
throughout the 1.0 cell voltage.

Galvanic charging/discharging steps were employed on
the tandem supercapacitors to further characterize the
behavior of PProDOT-Me2 for charge storing applications
and the ability to couple supercapacitor devices effectively.
By applying a constant current of (0.5 mA/cm2 to the
tandem supercapacitors as a function of time (Figure 7), the
galvanic charging-discharging curves highlight the relative
charging/discharging times and the operating voltage win-
dow. Similar to the CV comparison experiments, the single
supercapacitor (Figure 7a) as the model curve, shows 12 s
to charge/discharge at 1.0 V. The charging-discharging
curves for the tandem serial supercapacitor (Figure 7b)
exhibits a 2.0 V window which is in good agreement with
the cyclic voltammogram. In contrast, the tandem parallel
supercapacitor (Figure 7c) displays 24 s for charging/
discharging times to 1.0 V. Here, the times are approxi-
mately doubled from that of the single supercapacitor since
the applied current passing through the tandem device is
shared between two individual devices. While longer charg-
ing/discharging times are expected for the tandem super-
capacitor in parallel, it allows for opportunities in ride-
through power applications where extended charging/
discharging times are needed.

The repetitive near-triangular curves emphasize the PPro-
DOT-Me2 supercapacitor devices are charging and discharg-
ing reversibly with similar durations, though the voltage drop
suggests internal resistance (Figure 7). A close examination
of the galvanic charging/discharging curves shows an ohmic
drop, while the cyclic voltammogram (Figure 6) shows an
asymmetry in the current response. These observations
have been nicely addressed by Bélanger who attributes this
behavior to a drop of conductivity in the negative electrode
as a result of its nearly undoped state (36). In the case of
the Type I supercapacitors discussed here, and perhaps
more noticeable in the tandem supercapacitors, our obser-
vations are in agreement and consistent with those reported
in literature (36, 37). While this is a limitation in electroactive
polymer-based supercapacitors, these issues can be circum-
vented with a lower single-cell voltage (36), as well as proper
interfacial contacts within the cell (38).

For the purpose of comparing the effects of multiple
tandem supercapacitors, four identical Type I supercapaci-

FIGURE 6. Supercapacitor charging/discharging CV at 50 mVs-1 for
(a) single symmetric PProDOT-Me2 supercapacitor, (b) two tandem
serial supercapacitors, and (c) two tandem parallel supercapacitors.
Polymer electrodes prepared via five potentiodynamic electropoly-
merization cycles (q ) 25 mC/cm2).

FIGURE 7. Supercapacitor galvanic charging and discharging per-
formances for (a) single supercapacitor, (b) tandem serial superca-
pacitors, and (c) tandem parallel supercapacitors.
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tors were assembled in series. As illustrated by the cyclic
voltammetry profiles in Figure 8a, the tandem serial super-
capacitor assembly has an overall cell voltage of 4.0 V. The
charging/discharging CVs exhibit high capacitive behavior
and reversibility throughout the extended voltage regime.
Similarly, the ability to effectively charge/discharge as tan-
dem parallel supercapacitors is demonstrated by the cyclic
voltammetry profiles in Figure 8b. The tandem parallel
supercapacitor assembly has an overall increase of 4-fold in
current density, which is in good agreement with previous
supercapacitor devices.

To capitalize on the tandem supercapacitor concept,
we connected individual devices both in series and in
parallel to extend the cell voltage and increase the capaci-
tance simultaneously. As illustrated in Figure 9a, six
identical supercapacitors were integrated with two individual
devices connected in series and three sets connected in
parallel. With this device organization, we expect the as-
sembly to operate with a 2.0 cell voltage and a 3-fold
increase of current density. Figure 9b shows the CV of the
six supercapacitor assembly (designated as 2S-3P) superim-
posed on the response with two supercapacitors in series.
The advantage of tandem supercapacitor development al-
lows for design flexibility in voltage and capacitance values.
Although not fully optimized in this report, we do not
envision a limit to the number of supercapacitor coupled in
tandem.

Supercapacitor Module. In our efforts to develop
tandem supercapacitors as an individual module that is

stackable and lightweight, bipolar electrodes are utilized
as the center component. Weight considerations can
benefit from the module architecture as inactive materi-
als, such as inner membranes and packaging materials,
are minimized and active materials are maximized. A
schematic diagram for the electrochemical supercapacitor
module utilizing PProDOT-Me2 is shown in Figure 10. The
general assembly of these modules employs a sandwich-
type configuration in which a PProDOT-Me2 coated bipolar
electrode is positioned between two monopolar electrodes
to ensure charge balance of the redox species. As such, the
electrodes are coupled in series to the exterior electrodes to
complete a charged supercapacitor module. The thermal
lamination encapsulation of the thin flexible layers nicely
compliments in the fabrication of supercapacitor modules
as an individual stack.

FIGURE 8. (a) Four symmetric PProDOT-Me2 supercapacitors in series to enhance voltage window from 1.0 to 4.0 V. (b) Four symmetric PProDOT-
Me2 supercapacitors in parallel to increase current by 4-fold.

FIGURE 9. (a) Tandem supercapacitor schematic with two devices in series and three sets in parallel (2S-3P) and (b) cyclic voltammograms of
2S-3P.

FIGURE 10. Schematic of supercapacitor module employing bipolar
electrodes.
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The performance of such a supercapacitor module is
illustrated via the cyclic voltammograms in Figure 11. In
these experiments, the extent of electrochemical polymer-
ization and deposition of PProDOT-Me2 was maintained to
three potentiodynamic scans. As such, the CV of the single
supercapacitor device (Figure 11a) displays an average
current of 0.2 mA/cm2 to 1.0 V. In comparison to the
supercapacitor module (Figure 11b), the voltage window was
successfully extended to 2.0 V and the module exhibits 0.1
mA/cm2 of capacitive current. The development of super-
capacitor modules enables the ability to stack multiple
supercapacitors as a single component, although this pre-
cludes analyses of individual devices for the possibility of
defects.

CONCLUSIONS AND PERSPECTIVES
An electron-rich derivative of dioxythiophene, PProDOT-

Me2, was electrochemically polymerized on gold/Kapton
substrates to investigate its capacitive properties for charge
storage applications in supercapacitors. Redox switching of
the PProDOT-Me2 films display stable electrochemical re-
sponses between -0.7 to 0.8 V versus Ag/Ag+, while scan
rate dependence studies from 10 to 1000 mV s-1 suggest
the electroactive polymer to be electrode-confined and well-
behaved. PProDOT-Me2 was also used to construct poly-
meric electrodes on gold/Kapton substrates in Type I elec-
trochemical supercapacitors. The supercapacitor devices
display robust capacitive behavior over a 1.0 V operating
window with scan rates between 5 and 500 mVs-1. The
specific capacitance of 55 F/g was calculated based on the
active material with average energy density of 6 Wh/kg. Also,
the device retains over 85% of its charging/discharging
capacity over 32,000 redox cycles at 78% depth of discharge.

As a strategy to improve the voltage window and
capacitance of electrochemical supercapacitors, tandem
supercapacitors coupled in series and in parallel, and
ultimately as a single encapsulated module, were success-
fully devised and tested. Electrochemical results exhibit
the ability to extend the voltage window to 4.0 V and
capacitance to 25 mF/cm2 by the assembly of four tandem
supercapacitors in series and in parallel, respectively. The
flexibility of supercapacitor design allows for either, or
both, voltage and capacitance improvements via serial
and parallel constructs to meet the needs of power and

energy requirements. Furthermore, development of tan-
dem supercapacitors within a single encapsulation as
stackable energy storage devices were successfully fab-
ricated with PProDOT-Me2 on gold/Kapton bipolar elec-
trodes, extending the supercapacitor voltage to 2.0 V.

Ultimately, we envision the electrochemical superca-
pacitors, while maintaining their flexible and lightweight
architecture, as rollable and stackable devices that can
supply the power and energy needs in space-limited
applications. The ability to process highly capacitive,
conjugated electroactive polymers will allow roll-to-roll
production of tandem supercapacitors. As such, numerous
conducting polymers can be utilized in supercapacitor
modules in which highly conductive, electrochemically
and mechanically stable electroactive polymers are ideal.
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