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Abstract: Thick, uniform, easily processed, highly conductive
polymer films are desirable as electrodes for solar cells as well
as polymer capacitors. Here, a novel scalable strategy is
developed to prepare highly conductive thick poly(3,4-ethyl-
enedioxythiophene):polystyrene sulfonate (HCT-
PEDOT:PSS) films with layered structure that display a con-
ductivity of 1400 Scm¢1 and a low sheet resistance of
0.59 ohmsq¢1. Organic solar cells with laminated HCT-
PEDOT:PSS exhibit a performance comparable to the refer-
ence devices with vacuum-deposited Ag top electrodes. More
importantly, the HCT-PEDOT:PSS film delivers a specific
capacitance of 120 Fg¢1 at a current density of 0.4 A g¢1. All-
solid-state flexible symmetric supercapacitors with the HCT-
PEDOT:PSS films display a high volumetric energy density of
6.80 mWhcm¢3 at a power density of 100 mWcm¢3 and
3.15 mWhcm¢3 at a very high power density of
16160 mW cm¢3 that outperforms previous reported solid-
state supercapacitors based on PEDOT materials.

Conducting polymers hold the great advantage of light
weight and excellent mechanical flexibility, and have been
attracting tremendous attention for the application in elec-
tronic devices.[1–4] Among the conducting polymers, poly(3,4-
ethylenedioxythiophene (PEDOT)-based materials have
been extensively studied because of their excellent air and
thermal stability, high transparency in the visible spectral
region and tunable conductivity from 10¢4 to 103 Scm¢1.[5–11]

The commercially available PEDOT-based aqueous formu-
lation, PEDOT:PSS, has been widely used in organic elec-
tronics as the hole-injection or -collection layers, as well as
electrodes to replace expensive and brittle indium–tin oxide
(ITO) or metals because of the easy processing.[12–16]

Recently, PEDOT-based conducting polymers have also
been shown promising as electrodes for flexible supercapa-
citors.[17, 18] D’Arcy et al.[17] reported nanofibrillar PEDOT
films prepared by vapor-phase polymerization and the super-
capacitors based on the PEDOT electrodes display high

specific capacitance and excellent electrochemical stability.
Anothumakkool et al.[18] reported a micrometer-thick
PEDOT paper obtained by interfacial polymerization. The
supercapacitors based on the PEDOT papers show a high
specific capacitance of 145 F cm¢3 and an energy density of
1 mWhcm¢3. However, in these reports, the conductivity of
the PEDOT nanofibers (130 Scm¢1)[17] and PEDOT paper
(375 Scm¢1)[18] are lower than that of optimized thin (less than
100 nm) PEDOT-based films (over 1000 S cm¢1) processed
from commercially available PEDOT:PSS formulations
PH1000 with post-treatment.[19, 20] The potentially higher
conductivity could possibly further enhance the performance
of the supercapacitors. However, it has been a challenge to
prepare thick, uniform, highly conductive PEDOT-based
films from the commercially available formulations because
of the limit of the concentration.

Herein, we report a novel strategy to prepare a uniform,
highly conductive, thick PEDOT:PSS film (HCT-
PEDOT:PSS) from commercially available PEDOT:PSS
formulations for energy conversion and storage devices. The
preparation procedures are shown schematically in Figure 1a
and the actual pictures of each procedure are shown in
Figure S1 in the Supporting Information. The key point of this
strategy to prepare the HCT-PEDOT:PSS film is that the
binding between PEDOT and PSS can be broken by sulfuric
acid as shown in Equation (S1). The PEDOT:PSS aqueous
dispersion forms disk-shaped precipitates when dropped into
a dilute sulfuric acid solution because of the removal of the
outer-ring PSS (that acts as a dispersion agent) in the
PEDOT:PSS drop (Figure 1 a). Then the precipitate is
turned into PEDOT:PSS paste by stirring and cast onto
a filter paper. It should be mentioned that the PEDOT:PSS
paste does not go through the filter paper while the
commercially available PH1000 formulation can easily trans-
mit the paper (Figure S2). The filter paper is next dissolved by
immersing into acetone. The free-standing films are immersed
into a concentrated sulfuric acid to achieve a high conductiv-
ity.[19, 20]

Figure 1b shows a picture of the free-standing HCT-
PEDOT:PSS film and the cross-sectional SEM image of
a free-standing HCT-PEDOT:PSS film. Layered structure can
be observed from the SEM image. The film thickness is about
2.78 mm. The sheet resistance of film is 2.60 W sq¢1 and the
conductivity is about 1400 S cm¢1. The sheet resistance is
further reduced to 0.59 W sq¢1 when the HCT-PEDOT:PSS
film is 16-mm thick. The HCT-PEDOT:PSS film could also be
paved onto substrates (such as PES, PET, glass, and so forth)
besides the free-standing ones. Figure S3 shows photographs
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of HCT-PEDOT:PSS films on a glass substrate and a poly(-
ether sulfonate) (PES) substrate.

To further understand the structure characteristics of the
HCT-PEDOT:PSS film, XPS and XRD measurements were
carried out on the HCT-PEDOT:PSS samples. Figure S4a–c
shows the XPS spectra of the different films, from which we
can estimate that the PSS ratios were reduced from 73.8%
(PH1000) to 11.9% (HCT-PEDOT:PSS). The removal of PSS
is beneficial to the conductivity and air stability and could also
reduce the causticity. The films before final sulfuric acid
treatment (denoted as 1MS-PEDOT:PSS) are also charac-

terized by XPS as shown in Figure S4 b. The PSS ratio is
calculate to be 70.6 %. The conductivity of the 1MS-PEDOT
film is about 340 Scm¢1. Figure S5a presents the XRD
patterns of the two different films. For the HCT-PEDOT:PSS
films, the peak intensity at around 6.088 and 12.088 significantly
increases which indicates an increased lamella stacking and
improved crystallinity in the HCT-PEDOT:PSS films. This
result is well consistent with the enhanced conductivity. The
conductivity of the film was kept almost constant after being
left in air for over six months.

The HCT-PEDOT:PSS film has a high work function of
5.13� 0.01 eV measured by scanning Kelvin probe. The free-
standing HCT-PEDOT:PSS films were laminated as the top
electrode for hole collection in organic solar cells with an
inverted structure of glass/ITO/PEI/P3HT:ICBA/
PEDOT:PSS (4083)/HCT-PEDOT:PSS (Figure S6 a; PEI =

polyethylenimine, P3HT= poly(3-hexylthiophene-2,5-diyl),
and ICBA = indene–C60 bisadduct). The device with an
effective area of 5 mm2 exhibits an excellent performance of
VOC = 0.81 V, JSC = 8.65 mAcm¢2, FF = 66%, and PCE =

4.6% (Figure S6 b). We further fabricated organic solar cells
with a larger area of 66 mm2 since the electrode has a low
sheet resistance. The device also displays good performance
of VOC = 0.80 V, JSC = 8.26 mAcm¢2, FF = 62%, and PCE =

4.1%. As a reference, an inverted organic solar cell with
vacuum-deposited Ag as the top electrodes was also fabri-
cated (Figure S7a) and the J–V characteristics are shown in
Figure S7 b. This device (5 mm2) demonstrates a PCE of 4.5%
similar to that of HCT-PEDOT:PSS electrode-based solar
cells. These results show that the HCT-PEDOT:PSS films are
competent as the top electrode for organic solar cells with
potentially low-cost vacuum-free processing.

The electrochemical performance of the HCT-
PEDOT:PSS film (2.78 mm) was investigated by cyclic
voltammetry (CV) and a galvanostatic charge–discharge
(GCD) test in a three-electrode configuration. The cyclic
voltammograms (Figure 2a) display rectangular character-
istics, indicating their excellent capacitive properties. The
GCD curves are shown in Figure 2b in a voltage window of
¢0.2–0.8 V. The GCD curves still remain a triangular shape
even at a very large current density of 20 Ag¢1 which further
confirms the excellent capacitive properties of the HCT-
PEDOT:PSS electrodes. Figure 2c shows the specific capaci-
tances under different current densities. It can be seen that

Figure 1. a) Schematic illustrations for the fabrication procedure of
a HCT-PEDOT:PSS film. First, PH1000 was dropwise added into
a dilute H2SO4 solution to obtain PEDOT:PSS plates. Then the
PEDOT:PSS plates was turned into a paste by high-speed stirring. The
paste was then cast onto a filter paper and the filtrate was separated
by a vacuum filtration. The film was then immersed in acetone and
thereafter immersed into a concentrated H2SO4 solution to achieve
high-conductivity HCT-PEDOT:PSS films. b) Image of the free-standing
HCT-PEDOT:PSS film. Cross-sectional SEM image of the HCT-
PEDOT:PSS film.

Figure 2. a) Cyclic voltammograms of HCT-PEDOT:PSS films recorded at different scan rate of 50, 100, 200, 300, and 500 mVs¢1. b) Charge–
discharge profiles of HCT-PEDOT:PSS films recorded at different current density of 1, 2, 4, 10, 20 Ag¢1. c) The specific capacitance as a function
of current density.
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a high specific capacitance of 176 F g¢1 is achieved at a current
density of 0.2 Ag¢1.

Because of its high conductivity and flexible properties,
the HCT-PEDOT:PSS film is used to construct flexible all-
solid-state supercapacitors (Figure 3a). Electrochemical
charge–storage properties were measured using CV, GCD
tests, and electrochemical impedance spectroscopy (EIS).
Figure 3b shows the CV characteristics of HCT-PEDOT:PSS-
based flexible all-solid-state supercapacitors. The rectangle
shape of the CV curves indicates that devices based on HCT-
PEDOT:PSS possess excellent electrical conductivity. Fig-
ure 3c displays the GCD profiles of flexible supercapacitors
based on HCT-PEDOT:PSS electrodes. The volumetric
capacitance is calculated to be 50.1 F cm¢3 at a current density
of 0.1 Acm¢3 (Figure 3d). What is exciting is that a high
volumetric capacitance of 32.9 Fcm¢3 could be obtained even
at an extremely high current density of 100 Acm¢3. The
density of HCT-PEDOT:PSS is estimated to be about
1 gcm¢3. The corresponding specific capacitance with a cur-
rent density of 0.1 Acm¢3 is about 50.1 Fg¢1 while the specific
capacitance with a large current density of 100 Acm¢3 is
about 32.9 F g¢1. The high conductivity and the layered
structure of HCT-PEDOT:PSS films could possibly be the
reason of devices retaining high capacitance under high
current density.

The highly conductive property of the HCT-PEDOT:PSS
electrodes was further proved by electrochemical series
resistance (ESR) measured using EIS, which demonstrates
an extremely low resistance of 5.7 W (Figure 3e) and this
value is well consistent with that of HCT-PEDOT:PSS film
sheet resistance. A long-term cycle stability test was per-
formed at a high scan rate of 100 mVs¢1 for 8000 cycles and
over 80% of the specific capacitance is retained, suggesting

excellent cycle stability (Figure 3 f). The initial reduced
capacitance should be attributed to the loss of water from
the PVA/H3PO4 gel electrolyte resulting from the generated
heat during the cycles.

Energy density and power density of the flexible devices
were key parameters for practical applications of the super-
capacitors. Figure 4a shows the Ragone plot of devices. A
maximum energy density of 6.95 mWh cm¢3 was obtained
with a power density of 50 mW cm¢3. It is surprising that
devices could maintain an energy density of 3.54 mWhcm¢3

at a high power density of 12 815 mW cm¢3 and
3.15 mWh cm¢3 at a power density of 16160 mWcm¢3. For
comparison, values of two recently published articles[17, 18] are
also plotted in Figure 4a, from which we can find that our
devices display a much higher energy density and power
density. The mechanical stability of the device under various
conditions of bending (angles of 3088, 6088, and 9088) and
twisting (Figure 4b) was also investigated and found to be
high according to a series of CV tests at a scan rate of
100 mVs¢1. From the CV curves we can find that the solid-
state flexible device maintains a very stable performance
under the conditions of bending and twisting. The solid-state
flexible supercapacitors connected in series and parallel are
also demonstrated. Figure 4c shows the GCD profiles of two
solid-state flexible supercapacitors of devices A and B with
identical device structure as shown in Figure 3a and the two
devices in parallel and series connections at a current density
of 0.5 Acm¢3. It can be observed that the devices in both
series and parallel could double the performance. All above
results demonstrate that the HCT-PEDOT:PSS film is a good
candidate as an efficient flexible electrode for the super-
capacitors.

Figure 3. a) Structure of solid-state flexible supercapapcitors. b) CV curves of the supercapacitors recorded at different scan rates of 100, 200, 400,
and 500 mVs¢1. c) CD profiles of the supercapacitors recorded at different current density of 0.1, 0.2, 0.5, 1, 2, and 5 Acm¢3. d) Specific
capacitance as a function of current density. e) Nyquist plots of the flexible solid-state device with an enlarged photograph in the inset. f) Cycling
stability of the solid-state flexible supercapacitor with a relatively high scan rate of 100 mVs¢1.
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In summary, we have developed a novel strategy to
fabricate micrometer-thick, highly conductive, free-standing
PEDOT:PSS films processed from commercially available
aqueous dispersions. The films display a high conductivity of
1400 Scm¢1, which is the highest conductivity reported in
a micrometer-thick conducting polymer films. The films
exhibit good air stability and flexibility. Furthermore, the
films are easily scaled up to large areas by the reported
technique. We have also reported that the flexible free-
standing films were successfully laminated as the top elec-
trode for vacuum-free organic solar cells. More importantly,
flexible solid-state supercapacitors based on the polymer
electrodes display an energy density of 3.15 mWhcm¢3 at
a very high power density of 16 160 mW cm¢3 that outper-
forms previously reported PEDOT-based supercapacitors.
The supercapacitors also exhibit good electrochemical
charge–discharge cycling stability and flexibility. Beside the
demonstrated solar cells and supercapacitors, we believe the
films can be used potentially for many other applications, such
as thermoelectric applications or batteries.
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Figure 4. a) Energy density and power density Ragone plots of the flexible solid-state supercapacitors comparing our work and the state-of-the-art
reports of PEDOT-based supercapacitors in the literature. b) Cyclic voltammograms of the flexible solid-state supercapacitor under different
bending angles (3088, 6088, 9088) and twisting conditions. c) CD profiles of solid-state flexible device supercapacitors of unconnected and in series
and in parallel connected devices A and B at a current density of 0.5 A cm¢3.
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