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e free-standing PEDOT:PSS
electrodes for flexible and transparent all-solid-
state supercapacitors†
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High-performance free-standing PEDOT:PSS electrodes with not only superior optoelectronic

performance and high flexibility but also excellent electrochemical performance were successfully

fabricated via facile multilayer spin-coating of a doped PEDOT:PSS solution. Superior optoelectronic

performance and high electrochemical performance could be simultaneously achieved via doping

PEDOT:PSS and modulating the layer numbers of the spin-coated PEDOT:PSS. Flexible and transparent

all-solid-state supercapacitors with both superior electrochemical performance and relatively high

optical transparency were fabricated for the first time using the resultant high-performance PEDOT:PSS

films as both the current collectors and the active electrodes.
Introduction

Flexible and transparent energy conversion and storage devices,
such as organic solar cells and thin-lm supercapacitors, are
currently acknowledged as promising technologies that will
become building blocks of future integrated power sources.1–11

The unique mechanical exibility and the optical transparency
greatly expand the application scope ranging from exible
displays to automobile windshields, smart building windows,
non-planar translucent tops, andmodern recreational facilities,
such as portable and wearable electronics.12,13 To meet the
demands of emerging exible and transparent energy conver-
sion and storage devices, the most fundamental component of
electronic devices, the electrode, should not only possess
superior optoelectronic performance and high exibility but
also excellent electrochemical performance.

Indium tin oxide (ITO) is presently the most widely used
transparent electrode due to its excellent optoelectronic perfor-
mance, but its fragile nature and high cost as well as complicated
manufacturing method constrain its further applications in
future exible devices. Recently, a novel class of electrode mate-
rials, including metal nanowires,14–20 metal grids,21–24 carbon
nanotubes (CNTs),25,26 graphene1,27 and conductive polymers,28–33
formation Displays (KLOEID) & Institute

tional Synergetic Innovation Center for

ersity of Posts & Telecommunications, 9

ail: iamwylai@njupt.edu.cn

OFE) & Institute of Advanced Materials

vation Center for Advanced Materials

Puzhu Road, Nanjing 211816, China

(ESI) available: Effect of doping on the
mical performance of the PEDOT:PSS
. See DOI: 10.1039/c6ta03537j

hemistry 2016
have been intensively explored to substitute ITO. Metal nano-
wires and metal grids with high exibility and superior opto-
electronic performance have been used as transparent electrodes
for optoelectronic devices as previously reported.20,24 However,
metal based transparent electrodes are somewhat unsuitable for
energy storage devices due to their lack of capacitive behaviours.
Carbon nanomaterials, such as graphene and carbon nanotubes,
generally have superb exibility and electric double-layer capac-
itance (EDLC) behaviours, showing wide applications in exible
supercapacitors.1,34,35 Nevertheless, their optoelectronic perfor-
mance is usually limited by their low conductivity; thus a thick
lm is needed to enhance the conductivity, which inevitably
reduces the optical transmittance, unsuitable for optoelectronic
devices. Conductive polymers, especially poly(3,4-ethylene diox-
ythiophene):(styrene sulfonate) (PEDOT:PSS), possess multifar-
ious potential advantages, including high optical transmittance,
tunable conductivity and electrochemical performance as well as
excellent exibility.28,29,31,36,37 Thus, they show great potential for
applications as multifunctional exible transparent electrodes
that are not only viable for optoelectronic devices such as solar
cells but also suitable for energy storage devices such as
supercapacitors.

Various hybrid electrodes composed of PEDOT:PSS and
carbon nanomaterials or metal oxides have recently been
explored for supercapacitors with superior electrochemical
performance.26,38–41 However, the relatively low optoelectronic
performance limited by the low optical transmittance of the
hybrid electrodes constrains their application in transparent
supercapacitors and solar cells. Recently, free-standing single
PEDOT:PSS based electrodes with high conductivity and supe-
rior electrochemical performance have been simultaneously
used in high performance solid-state supercapacitors and solar
cells but the very thick PEDOT:PSS lm also led to low optical
J. Mater. Chem. A, 2016, 4, 10493–10499 | 10493
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transmittance that is adverse to obtaining transparent energy
devices.28 Although the electrochemical performance of
a transparent PEDOT:PSS electrode was systematically investi-
gated in liquid electrolytes,32 the application of transparent
PEDOT:PSS electrodes in all-solid-state supercapacitors with
both high optical transmittance and exibility has never been
reported to the best of our knowledge. Thus, the development of
a multifunctional electrode that simultaneously exhibits supe-
rior optoelectronic performance and high electrochemical
performance as well as the study of its application in exible
and transparent all-solid-state supercapacitors are vital to
integrated power sources for buildings and especially future
portable and wearable electronics.

In this work, high-performance free-standing PEDOT:PSS
electrodes with not only superior optoelectronic performance,
high exibility and smooth morphology but also excellent
electrochemical performance were successfully fabricated via
facile multilayer spin-coating of a doped PEDOT:PSS solution.
Superior optoelectronic performance and high electrochemical
performance could be simultaneously achieved via doping the
PEDOT:PSS and modulating the layer numbers of the spin
coated PEDOT:PSS. The inuence of the doping surfactant on
the performance of the PEDOT:PSS electrodes, including
morphology, optoelectronic performance and the electro-
chemical performance, was systematically investigated. It was
found that 2 vol% surfactant can not only enhance the electrical
conductivity but also improve the electrochemical performance
of the PEDOT:PSS electrodes. Additionally, 2 vol% surfactant
also improved the wettability and reduced the surface tension of
the PEDOT:PSS layers, which was favourable for the subsequent
coating and especially the multilayer spin coating of the
PEDOT:PSS lms to form a uniform and smooth surface
morphology. Flexible and transparent all-solid-state super-
capacitors with both superior electrochemical performance and
relatively high optical transparency using the resultant high-
performance PEDOT:PSS lms as both the current collectors
and the active electrodes were fabricated for the rst time.
Experimental
Preparation of the PEDOT:PSS electrodes

The original PEDOT:PSS solution (PH1000) was ltered with
0.22 mm syringe lters followed by mixing with 6 vol% EG and 2
vol% surfactant. The resultant solution was sonicated to obtain
a uniformly mixed formulation. PEDOT:PSS electrodes with one
layer were fabricated via spin coating the resulting formulation
on PET substrates at 500 rpm for 6 s followed by coating at 1500
rpm for 50 s. The electrodes were then annealed at 120 �C for 15
min aer spin coating. PEDOT:PSS electrodes with multilayers
were prepared using almost the same conditions as those for
the PEDOT:PSS electrodes with one layer except that the elec-
trodes need to be annealed before coating the next layer.
Preparation of the all-solid-state supercapacitors

The electrolyte was prepared by mixing PVA powder (1.0 g),
H3PO4 (1.0 g) and deionized water (10.0 mL). The mixture was
10494 | J. Mater. Chem. A, 2016, 4, 10493–10499
then heated at 90 �C under stirring until it turned into a gel. The
gel electrolyte was then coated on the PEDOT:PSS/PET followed
by drying in air at room temperature. Finally, two such elec-
trolyte coated PEDOT:PSS electrodes were assembled into
a supercapacitor by pressing them together.

Results and discussion

Fig. S1a and b† illustrate the sheet resistance of single-layer
PEDOT:PSS with an optical transmittance of �94% changing
with the volume of the dopants. As shown in Fig. S1a,† the sheet
resistance of the pristine PEDOT:PSS layer was as large as
around 0.4 MU sq.�1. Intriguingly, the sheet resistance gradu-
ally decreased with the increment of the amount of ethylene
glycol (EG) and it dramatically decreased to �140 U sq.�1 when
6 vol% EG was added. However, the sheet resistance remained
nearly constant when the volume of the added EG was more
than 6%.�6 vol% EG proved to be the optimal concentration to
improve the conductivity.29,31 To further enhance the electrical
conductivity, a different volume of the surfactant (Triton-X 100)
was then added to the PEDOT:PSS solution doped with 6 vol%
EG. The sheet resistance of the 6 vol% EG doped PEDOT:PSS
was further reduced when the volume of the doped surfactant
was increased from 0% to 2%. When the volume of the added
surfactant was more than 2%, the sheet resistance showed
a slight increase instead compared with the 2 vol% doped
PEDOT:PSS, as illustrated in Fig. S1b.† The sheet resistance was
reduced to �110 U sq.�1 when 2 vol% surfactant was added.

The surfactant not only reduced the sheet resistance but also
improved the wettability and decreased the surface tension of
PEDOT:PSS, which was favourable for the subsequent spin-
coating and especially the multilayer spin-coating of
PEDOT:PSS. As shown in Fig. S2a,† a non-uniform morphology
was clearly observed in the 6 vol% EG doped PEDOT:PSS
multilayer. By contrast, a uniform and smooth PEDOT:PSS lm
morphology was observed when 2 vol% surfactant was added, as
illustrated in Fig. S2b.† Fig. 1a is the photograph of a exible
and transparent PEDOT:PSS electrode with four layers. Fig. 1b is
the scanning electron microscopy (SEM) image of the surface
morphology of the electrode, from which a uniform and well-
connected lm can be clearly identied. Fig. 1c and d are the
corresponding two dimensional (2D) and three dimensional
(3D) atomic force microscopy (AFM) images. The average
surface roughness (Ra) and the root-mean-square (rms) surface
roughness of the PEDOT:PSS electrodes (four layers) were �1.2
nm and �1.5 nm, respectively, suggesting that the resultant
electrodes exhibited a smooth morphology. The uniform and
smooth morphology obtained in the spin-coated PEDOT:PSS
multilayers mainly originated from the improved wettability
and the reduced surface tension caused by the doped
surfactant.

Fig. 2a and b illustrate the optoelectronic performance of
PEDOT:PSS with various layer numbers. It was observed that the
optical transmittance and the sheet resistance were simulta-
neously reduced with the increase of layer numbers. The sheet
resistance of the PEDOT:PSS lms with one to ve layers was
�145 U sq.�1, �65 U sq.�1, �48 U sq.�1, �36 U sq.�1 and �27
This journal is © The Royal Society of Chemistry 2016



Fig. 1 (a) Photograph of the resultant PEDOT:PSS electrode (four
layers). (b) The SEM image of the surface morphology. (c) The 2D and
(d) 3D AFM images of the PEDOT:PSS electrode with four layers.

Fig. 2 (a) The optical transmittance versus the wavelength of the PEDOT:
resistance and the optical transmittance of the PEDOT:PSS electrode
PEDOT:PSS electrodes under various bending states. (d) The sheet resis

This journal is © The Royal Society of Chemistry 2016
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U sq.�1 while their optical transmittance was �95%, �89%,
�87%, �82% and �78%, respectively. The superior optoelec-
tronic performance of the resultant PEDOT:PSS electrodes was
even comparable to that of some best-performing metal based
transparent electrodes, such as Cu nanowires,42 Cu@Cu4Ni
nanowires43 and Ag grids.24

Besides superior optoelectronic performance, the resultant
PEDOT:PSS electrodes also exhibited comparatively high exi-
bility. Fig. 2c and d show their sheet resistance under bending
tests. As illustrated by the insets of Fig. 2c, the PEDOT:PSS/PET
electrodes were clamped by two block clips which can be freely
moved forward and backward. The PEDOT:PSS/PET electrode
could be bent to various degrees via moving the clip that
clamped one end of the PEDOT:PSS/PET electrode towards the
other clip. The D/L of the horizontal axis in Fig. 2c is the ratio of
the displacement (D) of the clip accounting for the original
length (L) of the electrode. It is apparent that the larger the D/L,
the stronger the bending. The bending degrees of the electrodes
were 0�, �60�, �90� and �180� when the value of D/L was 0%,
12.5%, 25% and 50%, respectively. The electrodes were nearly
folded (�180�) in half when D/L increased to 50%. As shown in
Fig. 2c, the sheet resistance of the PEDOT:PSS electrodes with
PSS electrodes with different spin-coating layer numbers. (b) The sheet
s changing with the layer number. (c) The sheet resistance of the
tance changing with the folding times.

J. Mater. Chem. A, 2016, 4, 10493–10499 | 10495
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two, four and ve layers only increased slightly with the incre-
ment of the D/L. Moreover, keeping D/L constant at 50%, the
electrodes were repeatedly folded one hundred times, and the
sheet resistance of the three electrodes with different layers just
increased by much less than one time compared with the
original value, demonstrating their superior exibility.

Fig. 3 shows the optical microscopy images of the
morphology of the PEDOT:PSS electrodes with various layer
numbers before and aer being bent. Fig. 3a–c show the orig-
inal morphology of the PEDOT:PSS electrodes with two, four
and ve layers, respectively, in which smooth lms were
observed. The other images with different magnications
illustrate the morphology of the three PEDOT:PSS electrodes
aer being folded one hundred times. It could be seen that
wrinkle-like structures formed in the lms aer being folded,
which partly decreased the electrical conductivity of the
PEDOT:PSS electrodes.

The electrochemical performance of the PEDOT:PSS elec-
trodes was investigated in exible and transparent all-solid-
state supercapacitors with a symmetrical sandwiched structure,
as shown in Fig. 4a. The PEDOT:PSS electrodes were used as
both the current collectors and the active electrodes. It deserves
to be mentioned that the amount of the doped surfactant not
only inuenced the electrical conductivity of the PEDOT:PSS
electrodes but also affected their electrochemical performance.
Fig. S3a† shows the cyclic voltammetry (CV) curves (100 mV s�1)
of the supercapacitors based on PEDOT:PSS (one layer) elec-
trodes doped with different volumes of the surfactant. Obvi-
ously, the capacitive behaviours gradually improved with the
increment of the surfactant volume. The 2 vol% surfactant
doped PEDOT:PSS showed the best capacitive behaviours with
the most saturated CV curve. Fig. S2b† shows the corresponding
galvanostatic charge–discharge (GCD) curves and it could be
observed that the supercapacitor based on 2 vol% surfactant
Fig. 3 The optical microscopy images of themorphology of the PEDOT:P
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doped PEDOT:PSS electrodes also exhibited the longest dis-
charging time. When the volume of the doped surfactant sur-
passed 2%, the capacitive behaviours got worse instead.
Strikingly, the tendency of the electrochemical performance
changing with the amount of the surfactant accorded compar-
atively well with that of the electrical conductivity. The �2 vol%
surfactant was the optimum value for improving both the
electrical conductivity and the electrochemical performance of
the PEDOT:PSS electrodes. The capacitive behaviours were
improved when the volume of the surfactant was increased
from 0 to 2 vol% because the sheet resistance reduced with the
increment of the surfactant, which was benecial to the trans-
portation and the collection of the ions. When the doped
surfactant was more than 2 vol%, the PEDOT:PSS got too
viscous and some defects formed in the PEDOT:PSS lm; thus
the supercapacitors showed slightly worse electrical conduc-
tivity and electrochemical stability during the electrochemical
test. Fluctuation of the CV and GCD curves was commonly
observed, leading to relatively bad capacitive behaviours, as
illustrated in Fig S3a and b.† Besides the amount of the
surfactant, the inuence of the lm thickness on the electro-
chemical performance of the PEDOT:PSS electrodes was also
systematically investigated while keeping the volume of the
doped surfactant at 2%. Fig. 4b shows the CV curves of the
supercapacitors based on the PEDOT:PSS electrodes with
different layers at a constant scan rate of 100 mV s�1. Notably,
the current density of the supercapacitors gradually increased
with the increment of the PEDOT:PSS layers. The discharging
time also prolonged with the increase of the PEDOT:PSS layers,
as illustrated by the GCD curves (Fig. 4c) at a constant current
density of 0.025 mA cm�2. Fig. 4d and e are the CV and GCD
curves of the supercapacitors based on the PEDOT:PSS elec-
trodes with four layers. Both the nearly rectangular shape of the
CV curves even at a high scan rate of 500 mV s�1 and the typical
SS electrodes with two, four and five layers before and after being bent.

This journal is © The Royal Society of Chemistry 2016



Fig. 4 (a) Structure of the all-solid-state supercapacitor. (b) CV curves of the supercapacitors based on the PEDOT:PSS electrodes with different
layers at a constant scan rate of 100 mV s�1. (c) GCD curves of the supercapacitors based on the PEDOT:PSS electrodes with different layers at
a current density of 0.025 mA cm�2. (d) CV curves of the supercapacitors based on the PEDOT:PSS electrodes with four layers at various scan
rates. (e) GCD curves of the supercapacitors based on the PEDOT:PSS electrodes with four layers at various current densities. (f) CV curves of the
supercapacitors based on the PEDOT:PSS electrodes with four layers without bending and under bending at a scan rate of 100 mV s�1 and the
inset is the photograph of the flexible and translucent all-solid-state supercapacitor under the bending state. (g) Cyclic stability test of the
supercapacitors.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 10493–10499 | 10497
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triangular shape of the GCD curves demonstrated that the
supercapacitors possessed excellent capacitive behaviours. The
areal specic capacitance (C), energy density (E) and the power
density (P) can be calculated using the following equations:

Ct ¼ IDt

SDV
(1)

Csc ¼ 4Ct (2)

E ¼ 1

2
CtDV

2 (3)

P ¼ E

Dt
(4)

where Ct is the specic capacitance of the supercapacitor, Csc is
the specic capacitance of the electrode, I is the discharge
current, Dt is the discharging time, S is the effective area and DV
is the voltage window. The mass loading of the supercapacitors
with different PEDOT:PSS layers was 0.038 mg cm�2, 0.057 mg
cm�2, 0.12 mg cm�2 and 0.17 cm2, respectively. The areal
specic capacitance and the gravimetric specic capacitance of
the supercapacitors based on the PEDOT:PSS electrodes with
one, two, three and four layers were 0.23 mF cm�2 (6.05 F g�1),
0.41 mF cm�2 (7.19 F g�1), 0.66 mF cm�2 (5.50 F g�1), and 1.18
mF cm�2 (6.94 F g�1), respectively. The corresponding areal/
gravimetric specic capacitance of the electrode was 0.92 mF
cm�2 (24.20 F g�1), 1.64 mF cm�2 (28.76 F g�1), 2.64 mF cm�2

(22.0 F g�1), and 4.72 mF cm�2 (27.76 F g�1) calculated from
Fig. 4c. The areal specic capacitance was improved with the
increase of the PEDOT:PSS layers, suggesting larger electro-
chemical storage capability of the supercapacitors with more
PEDOT:PSS layers. This was mainly because the mass of the
active materials, namely the PEDOT, also increased with the
layers. The energy density was 0.074 mW h cm�2, 0.13 mW h
cm�2, 0.21 mW h cm�2 and 0.38 mW h cm�2 while the power
density was nearly constant at �0.036 W cm�2 regardless of the
increase of the PEDOT:PSS layer number. Both the areal specic
capacitance and the energy density were enhanced when the
PEDOT:PSS layer number was increased from one to four. It is
anticipated that the areal specic capacitance and the energy
density can be further improved using PEDOT:PSS electrodes
withmore than four layers. However, the optical transparency of
the supercapacitors was reduced with the increment of the
PEDOT:PSS layers, which was because the thicker the
PEDOT:PSS layer, the stronger the absorbance. To realize an
ideal balance between the electrochemical performance and the
optical transparency of the supercapacitors, 3–4 layers of
PEDOT:PSS are probably the most ideal electrodes for super-
capacitors that simultaneously show superior electrochemical
performance and high optical transparency. For example, the
high Ct and the Csc of the supercapacitors based on the
PEDOT:PSS electrodes with four layers were 1.18 mF cm�2 and
4.72 mF cm�2, which are comparable and even superior to those
of some excellent supercapacitors previously reported.4,32,35,44

Moreover, the areal specic capacitance remained nearly
constant aer 1000 charge–discharge cycles at a current density
of 0.01 mA cm�2, demonstrating relatively high cyclic stability,
10498 | J. Mater. Chem. A, 2016, 4, 10493–10499
as illustrated in Fig. 4g. Apart from the superior electrochemical
performance, the supercapacitors also exhibited comparatively
high optical transparency. Fig. S4† shows the plot of the optical
transmittance versus the wavelength of the supercapacitor. It
could be seen that the optical transmittance was as high as 55–
67% in the wavelength range from 400 nm to 600 nm. As shown
by the inset in Fig. 4f, the words beneath the supercapacitor
could be clearly seen, verifying the relatively high optical
transparency. Additionally, the CV curves (at a scan rate of 100
mV s�1) remained almost unchanged when the supercapacitor
was highly bent, demonstrating its superior exibility, as illus-
trated by Fig. 4f.
Conclusions

Free-standing PEDOT:PSS electrodes with superior optoelec-
tronic performance, excellent electrochemical performance,
high exibility and smooth morphology were successfully
fabricated via facile multilayer spin coating of a doped
PEDOT:PSS solution. Superior optoelectronic performance and
high electrochemical performance were simultaneously real-
ized via doping the PEDOT:PSS and modulating the number of
the PEDOT:PSS layers. The simultaneous realization of superior
optoelectronic performance and high electrochemical perfor-
mance in the PEDOT:PSS electrodes is vital to the development
of exible and transparent energy conversion and storage
devices as well as to the future integrated power sources for
modern human society. As a demonstration, exible all-solid-
state supercapacitors with both superior electrochemical
performance and relatively high optical transparency using the
resultant high-performance PEDOT:PSS lms as current
collectors and active electrodes were fabricated for the rst
time.
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