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ABSTRACT: A single crystal poly(3,4-ethylenedioxythiophene) (PEDOT) film with highly oriented arrangement has been fabricated
from an aqueous solution by a novel unipolar pulse electropolymerization method. Film formation mechanism was proposed based
on the in situ mass change during electropolymerization process measured by the electrochemical quartz crystal microbalance. The
compositions, morphology and crystal structure of the fabricated films are characterized by Fourier transfer infrared spectroscopy,
scanning electron microscopy, and X-ray diffraction, respectively. It is found that the prepared PEDOT film on carbon nanotubes
(CNTs)-modified electrode with a spongy dendritic structure possesses outstanding electroactivity, high specific capacitances (239.1
F-g~ !, including the specific capacitances of CNTs which is 21.4 F-g~"), and excellent cycling stability with 7.3% decay from its initial

capacitance over 10,000 cycles. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43418.
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INTRODUCTION

Since Shirakawa et al.' discovered electrically conductive polya-
cetylene, conducting polymers (CP), which are often referred as
synthetic metals, have been widely investigated for their applica-
tion in different fields, such as solar cells,>” antistatic and anti-
corrosion materials,* polymer electrochromic devices,™® catalyst
support,” electrochemical supercapacitor,>'® and electrochemi-
cal sensors.''™> Among the CPs that have been developed over
the past 4 decades, those based on polyanilines, polypyrroles,
and polythiophenes have attracted great attention.

Poly(3,4-ethylenedioxythiophene) (PEDOT),'® first synthesized
in the 1990s by Bayer AC,"” ' is recognized as one of the most
promising conducting polymers for electrochemical supercapaci-
tor due to its remarkable conductivity (up to 500 S cm™'),*
superior chemical and mechanical stability. Supercapacitor can
be used as the charge storage device and generally possesses
rapid charge—discharge rate, long cycle life, and high reliabil-
ity.>** Although PEDOT is considered as a good material for
capacitor, its specific capacitance needs to be improved more in
order to satisfy the requirements of supercapacitor.*” In recent
years, many efforts have been devoted for this purpose. Huang
et al. prepared PEDOT powder with globular-like shape and an
average diameter of 1.5 um by oxidative polymerization

method, in which imidazole (Im) was used as inhibitor. They
fabricated a capacitor using this kind of PEDOT powder and
obtained a specific capacitance of 124 F-g~'.?* Pandey et al. pre-
pared PEDOT film composed of small grains using current
pulse polymerization method and obtained a capacitor with a
specific capacitance of** 85 F-g~' and then, they enhanced the
specific capacitance to®®> 154.5 F-g~' by coating it on carbon
paper electrode. Xiao et al. electropolymerized dense nanomead-
ows PEDOT by using the pulse potentiostatic method with
pulse-on and pulse-reversal period, but no data on its specific
capacitance was reported.”® Ryu et al>’ mixed PEDOT with
active carbon powder and used it as electrode material and
obtained a specific capacitance of 56 F-g~ ' after 1000 cycle.

In general, the capacity of electrochemical supercapacitor could
be controlled by the microstructure of the interface between
electrode and electrolyte solution.® This is the motivating factor
for fabricating porous electrode with nanostructure for superca-
pacitor application. For PEDOT, when it is prepared by cyclic
voltammeter (CV), traditional pulse polymerization and poten-
tiostatic (PS) method, the structures with compact globular or
conjoint irregular strings morphology are generally formed, and
low specific capacitances ranged from 90 to 180 F-g~' and poor
cycle stability are obtained when they are used as supercapacitor
materials.”>® The energy storage capability in supercapacitor

Additional Supporting Information may be found in the online version of this article.
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materials depends on the reversible electrochemical reaction in
which doping/undoping of ions occurs.”* As such, dense surface
morphology of the polymer matrix will lower the specific capac-
itance. Therefore, it is necessary to control the micro and nano-
structure of electrode in order to improve the specific
capacitance and stability of the target supercapacitor.

In the present study, a try was performed to investigate the rela-
tionship between the microstructure of PEDOT and its electro-
chemical property when used as supercapacitor material.
PEDOT film was grown on carbon nanotube (CNT)-modified
platinum substrate via the unipolar pulse electropolymerization
(UPEP) method developed by our group. It is expected to result
in an extremely high effective surface area and improve its spe-
cific capacitance. In our previous studies, nanorod polyaniline
film, highly stable polypyrrole film and NiHCF/CS/CNTs com-
posite film with high electroactivity were successfully fabricated
using this method.***> Different from traditional current or
potential pulse polymerization, in this method, a potential is
fixed and current can be generated during the on-time period,
followed by an off-time period, in which no current is allowed
to flow. Based on the unique kinetics of EDOT nucleation and
characteristics of UPEP method, PEDOT film with higher
degree of dopant ions and special nanostructure could be
achieved. Furthermore, since CNTs is found to be an appropri-
ate medium bonding active material and matrix.’® In this work,
CNTs-polyvinylidene fluoride (PVDF)-modified Pt electrode
was considered to fix PEDOT film on matrix, in which PVDF
could cohere CNTs fibers together, which can further increase
the adhesive force between CNTs and Pt sheet. The performance
characteristics of the obtained highly oriented spongy dendritic
structure PEDOT-based electrodes (UPEP S—PEDOT) were
evaluated using CV, galvanostatic charge—discharge, cycling sta-
bility and electrochemical impedance spectra (EIS). For compar-
ison, PEDOT film was also prepared by PS method (abbreviated
as PS PEDOT) and evaluated under the same conditions.

EXPERIMENTAL

Materials

3,4-Ethylenedioxythiophene (EDOT>97%) purchased from
Sigma—Aldrich was stored in nitrogen atmosphere under 8°C
prior to use. Reagent grade sodium dodecyl sulfate (SDS,
CH;3(CH,);;SO3Na) from Merck was used as surfactant. All sol-
utions were prepared using ultra-pure water (Millipore 18.2
MQ cm).

Preparation of Conducting Polymer-Coated CNT-Modified
Matrix

70 mg PVDF was dissolved in 5 mL dimethyl formamide
(DMF) under 70°C, then 25 mg CNTs powder®” was dispersed
in it with ultrasonic cell disrupting for 30 min to obtain uni-
form suspension. Pt sheet was used as working electrode (using
PVC tape to limit effective surface area of 0.5 cm?®). 10 uL drop-
let of CNTs/PVDF suspension was syringe dispensed on the Pt
sheet and 1 uL droplet of CNTs/PVDEF suspension for electro-
chemical quartz crystal microbalance (EQCM) golden disc, then
dried for 2 days in oven at 30 °C. A Sartorius balances of model
CP22 5D-OCE with 0.01 mg sensitivity was used for weighing
the working electrode after drying. An electrolyte of 0.02 M
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EDOT +0.01 M SDS+0.1 M H,SO, aqueous solution was
used for PEDOT preparation. Considering that monomers of
EDOT have extremely low solubility in water, SDS was used as
the surfactant to form micelles as well as doping agent. The
addition of SDS at different concentrations could influence the
gel-forming properties of EDOT monomers. It is found that
0.02 M EDOT possesses the optimal gel-forming properties and
electrochemical activity in the presence of 0.1 M SDS, which are
described in Supporting Information Figures S1 and S2. The
mixture was stirred for 2 h to make the monomer well-
distributed until a clear mixed solution was obtained.

Electropolymerization of PEDOT Film

Electrochemical preparation and characterization of the PEDOT
film were performed with a VMP3 Potentiostat (Princeton)
operated with a computer interface using EC-Lab application
software for control and data handling. The electrolyte solution
of the monomer was prepared by dissolution of 0.02 M EDOT,
0.01 M SDS, and 0.1 M H,SO, in aqueous solution. The elec-
trochemical polymerization was then performed by a three elec-
trode system equipped with saturated calomel electrode as
reference electrode, platinum wire as counter electrode, and
CNT-modified platinum sheet as working electrode. After the
electrochemical deposition of the required quantity of PEDOT,
the electrode was rinsed with ultrapure water, dried at 30°C
and weighed. The operation parameters for the electrochemical
deposition of PEDOT employing UPEP method were 1.1 V, on-
time of 1 s and off-time of 1 s, 5400 times. Then the PEDOT
films were washed completely with ultrapure water and
weighted after drying. In the PS method, a constant voltage (1.1
V) was applied to the working electrode, where the same solu-
tion as that in the UPEP method was used. However, the poly-
merization time was set at 70 min so that the total mass of
PEDOT deposited was the same as that obtained by the UPEP
method. The mass of PEDOT film is 0.8 mg, because the spe-
cific capacitance value is the highest when PEDOT film is
0.8 mg (Supporting Information Figures S3 and S4).

Characterization and Measurements of PEDOT Film
Morphology of the film was examined by a scanning electron
microscope (SEM, LEO438VP), X-ray diffraction (XRD, Shi-
madzu/XRD-6000) and the chemical structure was analyzed by
Fourier transform infrared spectrometer (FT-IR, Nicolet 6700).
Electrochemical properties of the film were measured by CV,
galvanostatic charge/discharge and electrochemical impedance
spectroscopy techniques in the 0.3 M HCIO, and 0.1 M NaClO,
solutions, which was reported to be a better electrolyte than
other electrolytes for obtaining stable capacitance values of con-
ducting polymers.*>*® The optimal ratio of HCIO,/NaClO, is
discussed in Supporting Information Figure S5. Electroactivity
and specific capacitance were investigated by galvanostatic
charge/discharge from —0.2 to 0.7 V with an applied constant
current density of 0.7 mA cm™ 2. EIS measurement was carried
out with frequencies varying from 100 kHz to 1 mHz, using AC
amplitude of 10 mV at open circuit potentials.
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Figure 1. Mass responses of UPEP S—-PEDOT and PS PEDOT films pre-
pared on CNT-modified golden disc in three-electrode system. The inset

is an enlargement of the mass responses of UPEP S—-PEDOT film during
the initial 5 pulse. PS conditions: 1.1 V, 30 s. Pulse conditions: 1.1 V pulse
potential, 1 s on-time and 1 s off-time, and 15 pulse numbers. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

RESULTS AND DISCUSSION

Electropolymerization Process of PEDOT Films

A suitable tool to trace the mass change in electropolymeriza-
tion and electrochemical measurement process of conducting
polymers is EQCM. This technique involves using quartz crystal
with golden disc coated on both sides and one side used as
working electrode. In present work, a 1-uL droplet of CNTs/
PVDF suspension was syringe dispensed on the center spot of
golden disc. Then, the piezoelectric property of quartz crystal
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was utilized to calculate the mass change (down to nanogram
levels) of the polymer attached on the electrode surface accord-
ing to the Sauerbrey equation.”® The EQCM results presented in
Figure 1 shows the first 30 s mass/time transient curves of
PEDOT films on CNT-modified golden disc in three-electrode
system employing UPEP and PS method respectively. As shown
in the inset of Figure 1, there is a significant mass increase of
UPEP S—PEDOT during the first on-time, but almost no mass
change occurs in off-time, which means that EDOT monomers
are polymerized dramatically during on-time. PEDOT is gener-
ally polymerized via cationic free radical polymerization. As
such, at the first on-time pulse, EDOT monomers could be oxi-
dized under 1.1 V potential, then EDOT™"
were generated at 2, 5 sites of monomers.”**>*' More and more
active sites could contact each other and promote the cationic
free radical polymerization to occur. With the doping of SDS™
anion for the neutralization of the charge, the polymerization
will be accomplished.”® During off-time, there still exist lots of
EDOT"" radical cations on the PEDOT chain, which have no
time to participate in the polymerization reaction. These active
sites could be reduced through oxidizing dissociative EDOT
monomers in the solution. Some of these active sites loss their
oxidation activity so that PEDOT chains hardly grow at the fol-
lowing on-time pulse. The direction of next PEDOT chain
growth should be ascertained by where the more EDOT ™" radi-
cal cations will be retained. After several times of pulse, a cusp
could be formed, which will accelerate the growth of PEDOT
chain along the direction of the tip until PEDOT chains appear
as nanorod. Afterward, several separated branches will be
divided from the previous nanorod. Ultimately, a dendritic
structure appears. Unlike UPEP S—PEDOT, the mass of PS
PEDOT film always increases over time at a constant rate. In
the potentiostatic method, there are two platforms of current
during the polymerization process as shown in Supporting

* radical cations sites

0.8mg
PEDOT

initial stage of
PS PEDOT

PS PEDOT film

initial stage of
UPEP PEDOT UPEP S-PEDOT film

e
on-1 tmti off-time ' on-time

Figure 2. Schematic representation of the growth pattern of PS PEDOT and UPEP S-PEDOT. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 3. The Scanning electron micrographs of the PS PEDOT (A), UPEP S-PEDOT (B) with cross-section enlarged view inset. The condition for prepar-
ing PS PEDOT film: 1.1 V, 70 min. The condition for preparing UPEP S—PEDOT film: 1.1 V pulse potential, 1 s on-time and 1 s off-time, 5400 pulse num-
bers. Top view (C) and side view (D) of UPEP S—-PEDOT connection joints. Scanning electron micrographs of UPEP S—-PEDOT (E) in incipient stage.

Information Figure S6. The initial platform exists in the first
100 s corresponding to the formation of PEDOT nuclei. The
current of second platform is lower than the initial stage corre-
sponding to the growth of the polymer where current dose not
vary with time. At the beginning of the polymerization, EDOT
monomer is activated and linked together with lots of EDOT ™
radical cations on the chain, then PEDOT chains twine around
each other to form nuclei.®® In the following polymerization
process, the current is tending toward stability. The monomers
keep growing on the surface of the nuclei under the constant
voltage. Due to three-dimensional growth pattern, the PS
PEDOT nucleus grows to form a solid and round structure. The
mechanism of nucleation and growth is shown in Figure 2. The
PEDOT electrode with a spongy dendritic structure obtained
by UPEP should be more suited for high performance
supercapacitors.
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Morphology of PEDOT Films

The morphologies of PEDOT films obtained with UPEP and PS
methods were examined by SEM, as shown in Figure 3. PS
PEDOT film (A) is globular-like particles aggregated together
into a ball-like structure with a diameter of 0.2 um.**** The
cross section of PS PEDOT is imporous and compact as shown
in Figure 3(A) inset. UPEP S-PEDOT film (B) reveals a spongy
dendritic structure composed of uniform distributed nanorods
with diameter less than100 nm and length ranging from 300 to
500 nm. As shown in the inset of Figure 3(B), the cross section
of UPEP S-PEDOT is composed of several crosswise dendritic
nanorods with small interspaces between the rods. Side view
and top view of UPEP S-PEDOT connection joints enlarged
view are shown in Figure 3(C,D). One can see the dendritic-like
structure of UPEP S-PEDOT clearly from these two angles,
therefore, it is beneficial for ion diffusion in UPEP S-PEDOT
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Figure 4. FTIR spectra of UPEP S-PEDOT and PS PEDOT films. [Color
figure can be viewed in the online issue, which is available at wileyonline-

3000

library.com.]

film. In the case of incipient polymerization, the morphology of
PEDOT film prepared by UPEP with only 10 times pulses is
presented in Figure 3(E). PEDOT film prepared under a transi-
tory action of pulsing voltage has a coralloid structure erected
on the matrix. Based on the mechanism of nucleation and
growth of UPEP S—PEDOT illustrated in Figure 2, the EDOT
monomers should be oxidized to radical cations and subse-
quently germinated into PEDOT nanorod. After multiple times
of pulses, lots of pronged nanorods grow and branch to form a
sponge dendritic structure.

FT-IR Spectra of PEDOT Films

FT-IR spectra of UPEP S—PEDOT and PS PEDOT are given in
Figure 4. UPEP S—PEDOT and PS PEDOT exhibit almost the
same FTIR spectrum. The vibrations at 1519, 1400, and
1362 cm ™! are corresponding to the C—C and C=C stretching
in the thiophene ring. Peaks at 1197, 1088, and 1052 cm ™' are
assigned to the stretching modes of C—O—C ethylenedioxy
group. And band at 840 cm ™' could be ascribed to the vibra-
tion modes of C—S bond in the thiophene ring.*™> The two
strong peaks around 2914 and 2846 cm™' were attributed to
the stretching vibration mode of methylene, indicating that sur-
factant SDS has been doped into the chains of PEDOT.***
Combining with the similar bonding structure observed from
FT-IR spectroscopic analysis, the result indicates that UPEP
S—PEDOT and PS PEDOT are formed by the same oligomers.
The structure formula of PEDOT formation is shown in the
inset of Figure 4.

XRD Pattern of UPEP S-PEDOT and PS PEDOT Films

XRD was used to probe the crystallographic ordering of PEDOT
films deposited with UPEP and PS method, and results are
shown in Figure 5. The PEDOT crystal structure changes mark-
edly with deposition method. UPEP S—PEDOT does not yield
any characteristic peaks except for the strong diffused angle peak
at 20 ~25.7°, which can be attributed to the interchain planar
ring stacking.*>**** Only the (020) reflection is present, suggest-
ing crystalline laminae grow along the b-axis perpendicular to
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the substrate sheet,”” which is shown in the schematic illustration
of the crystal arrangement in Figure 5. This indicates that
UPEPS—PEDOT is highly oriented. Besides the characteristic
peak at nearly 20 ~25.7°, the diffraction peaks with low intensity
at 20 ~10.1° occur in the case of PS PEDOT which corresponds
to (200) reflection.*”® These diffraction peak positions and
intensities conform to the randomly oriented PEDOT material
stacking along the axis a and b,"” which is shown in Figure 5.
This phenomenon indicates that PS PEDOT is not highly ori-
ented. According to the Bragg’s law, the corresponding lattice
parameters are calculated to be a=17.52 A and b=6.92 A. The
detail of lattice parameter values is provided in Supporting Infor-
mation Table S2. In the PS method, PEDOT films exhibit a ran-
dom polycrystalline structure, whereas UPEP method may
promote a more favorably aligned crystal structure. These results
illustrate that the lower rate of polymerization enhances crystal-
linity.>’ On the whole, polymerization rate of UPEP method is
much lower than PS method due to the existence of the off-time
period. UPEP S—PEDOT combined with the intermittent poly-
merization kinetics possesses more regular polymer chain stack-
ing compared to PS PEDOT.”> In the polymerization process of
UPEP S—PEDOT, the SDS™ anions could be replenished within
the electric double layer during off-time.

Electrochemical Characterization

Electroactivity with EQCM. The electrochemical performance
of the PEDOT electrodes was evaluated by CV. The CV curves
for UPEP S—PEDOT as well as PS PEDOT over the voltage
range from —0.2 to 0.7 V under 20 mV s~ ' scan rate in 0.3 M
HCIO,, 0.1 M NaClO, aqueous solution are shown in Figure
6(A). The shape of the CV plots of two films closely resembles
a rectangle, showing its ideal capacitor behavior.** Comparing
to the PS PEDOT film, the current of UPEPS—PEDOT film is
higher within the same potential range, indicating that the
UPEPS—PEDOT film has better electroactivity at the same scan
rate. The EQCM results for the CV of PEDOT in an aqueous

PS PEDOT

UPEP S-PEDOT

(020)

Counts / a.u.

@00 —ps PEDOT

J_— UPEP S-PEDOT

5 10 15 20 23 30
20/ degree
Figure 5. X-ray diffraction spectra and schematic illustration of the crystal

arrangement of UPEP S-PEDOT, PS PEDOT films deposited on CNT-
modified platinum substrate. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Cyclic voltammetric (A) and mass responses (B) of UPEP S-PEDOT and PS PEDOT films prepared on CNT-modified golden disc in three-
electrode system. Cyclic voltammetric condition: electrolyte, 0.3 M HCIO,, 0.1 M NaClO,; scan rate, 20 mV s~ '; scan range, —0.2 to 0.7 V. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

solution of 0.3 M HCIO,, 0.1 M NaClO, after several cycles are
presented in Figure 6(B). In the beginning of oxidation process,
the mass of film increases with the potential indicates that
anions in the solution insert into PEDOT chain, and then the
weight increase velocity of film becomes constant. On the con-
trary, the mass of PEDOT film decreases in reduction process
due to the release of anion. The element content of Cl in the
PEDOT film during reduction process is much lower than the
oxidation process, while others element content have remained
about the same. The main exchange anion during oxidation and
reduction process is ClO, . The energy dispersive spectroscopy
(EDS) of PEDOT film undergoing oxidation and reduction pro-
cess in HClIO4/NaClO, electrolyte are shown in Supporting
Information Figure S7. Here, the mass change during the oxida-
tion is equal to the weight loss of film during the reduction, so
the reaction is totally reversible. It is obvious that the ion
exchange capacity and electroactivity of UPEP S—PEDOT film
is higher than that of PS PEDOT film, which is benefit from
highly oriented arrangement of UPEP S—PEDOT with a sponge
dendritic structure.
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Figure 7. Variation in specific capacitances as a function of scan rates for
UPEP S-PEDOT and PS PEDOT films. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 7 shows the specific capacitance variation in PEDOT
with scan rates varying from 10 to 100 mV s~ . It is obvious
that the specific capacitance value decreases with the gradually
stabilizing trend when the scan rate is increased. At a high scan
rate, diffusion of anion could be restrained, resulting in an
obvious decrease in the capacitance value because the specific
capacitance value strongly depends on the mobility of doping
ion. In addition, the specific capacitance of UPEP S—PEDOT
drops less than that of PS PEDOT during the increase in scan
rate. Because UPEP S—PEDOT film was fabricated with inter-
mittent polymerization kinetics, leading to a highly oriented b-
axis arrangement separated with the doping ion, which pos-
sesses vast aligned passage for anion in molecule scale. Further-
more, the three dimensional porous structure of UPEP S—
PEDOT expands the diffusion path of anion in micro scale. In
this case, the spongy dendritic structure of PEDOT could

1ok »— UPEP SPEDOT
V. . . e psPEDOT
[ ]
? *e e e i
g 08| bt *
o
S 06}
2B o6t Z 04}
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] E 021
o
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§ 04l %
pd 6120 3 TR T
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Time /s
02 1 1 1 1 1 1
0 2000 4000 6000 8000 10000

Number of charge/discharge cycles

Figure 8. Galvanostatic charge/discharge curves of UPEP PEDOT and PS
PEDOT films prepared on CNT-modified platinum substrate in three-
electrode system. condition: electrolyte, 0.3 M HCIO,, 0.1 M NaClOg;
scan range, —0.2 to 0.7 V. Cycling life of UPEP S-PEDOT and PS PEDOT
films under a current density of 0.7 mA cm™? in 0.3 M HCIO,, 0.1 M
NaClO, aqueous solution. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 9. Nyquist plots of the UPEP S-PEDOT and PS PEDOT films elec-
trodes. The inset is an enlargement of the high frequencies. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

possess excellent electroactivity and high-speed charge—discharge
properties.

Galvanostatic Charge-Discharge Characteristics and Cycling
Stability. To further evaluate the practical performance of
PEDOT film as electrode material in supercapacitor, galvano-
static charge/discharge measurements were carried out.”” Figure
8 shows the typical galvanostatic charge/discharge curves of
UPEP S—PEDOT and PS PEDOT films with an applied con-
stant current density of 0.7 mA c¢m™ > in 0.3 M HCIO, and
0.1 M NaClO, aqueous solution. As seen in the inset of Figure
8, the charge/discharge curves of the PEDOT (prepared by both
methods) electrodes are linear in the whole range of potential
with constant slopes. A small ohm-drop phenomenon can be
observed in PS PEDOT film, signifying the existence of charge
transfer resistance. However, there is no ohm-drop for UPEP
S—PEDOT, suggesting that it is a good material for supercapa-
citor. In three-electrode system, the specific capacitance is eval-
uated from the linear part of discharge curves, according to the
following equation®:

Cn=IAt/mAV

where C,,, I, and m are mass specific capacitance of active mate-
rial, the applied current, and the mass of active material on the
electrode, respectively. And At is the time interval for the
change in voltage AV. Based on the equation, the specific capac-
itance of 239.1 F-g~' can be obtained for the PEDOT film pre-
pared on CNT-modified platinum by UPEP method. In
contrast, the value of the specific capacitance of PS PEDOT is
only 141.4 F-g~'. For both films, it should be noted that the
total specific capacitance consists of CNTs part and main
PEDOT part, in which 21.4 F g~' specific capacitance is con-
tributed by CNTs as shown in Supporting Information Figure
S8. The specific capacitance of S—PEDOT is much higher than
PS PEDOT, which should be also due to that UPEP S—PEDOT
possesses a sponge dendritic structure with larger ion exchange
capacity.
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The stability and reversibility of an electrode material are very
important for electrochemical supercapacitor application. To
evaluate the cycling stability of as-prepared UPEP S—PEDOT
and PS PEDOT films, continuous galvanostatic charge—dis-
charge measurement at a current density of 0.7 mA cm > in
0.3 M HCIO, and 0.1 M NaClO, aqueous solution was imple-
mented. As shown in Figure 8, the attenuation of specific capac-
itance is only observed in the initial stage of galvanostatic
charge—discharge measurement, then the value become almost
stable. The specific capacitance of UPEP S—PEDOT exhibits an
excellent cycling stability, with only 7.3% decay from its initial
capacitance over 10,000 cycles. In contrast, for PS PEDOT,
approximately 15.1% decay in its initial capacitance is observed
in its first 1000 cycles, and about 19.5% decrease over 10,000
cycles. As stated above, the electrode capacitance could depend
primarily on the growth patterns and morphology of the con-
ducting polymer on the electrode. Here, the UPEP S—PEDOT
film exhibits an excellent highly oriented arrangement in the
sponge dendritic structure and shows higher electroactivity than
PS PEDOT. As such, it could partly relieve volumetric stress
during the galvanostatic charge—discharge cycles™, i.e., the oxi-
dation/reduction process, and improve the reversibility and sta-
bility of PEDOT film.

EIS Analysis. EIS was used to investigate the resistance limita-
tions within the supercapacitors.”®® Figure 9 presents the
Nyquist plots of the EIS data for the UPEP S—PEDOT and PS
PEDOT films under open circuit potential (OCP) in 0.3 M
HCIO,, 0.1 M NaClO, aqueous solution. The plot of UPEP
S—PEDOT presents a typical curve of classical supercapasitor
with a small distorted semicircle in high frequency region and a
slanting radial in the low frequency region. At high frequencies,
the diameter of semicircle pattern describes the interfacial
charge transfer resistance (R.), which is associated with the
porous structure of the electrode.?’” At low frequencies, the
intercept of the semicircle on the real axis yields the solution
resistance (Rg). In the PS PEDOT electrode, one can observe a
slight increase of Rs, represented by the increase in the intercept
of the semicircle on the real axis. Moreover, two semicircles
consists of PS PEDOT R, observed in high frequency region,
which are associated with different ohmic phenomena occurring
in the system.” The enlarged view of PS PEDOT is shown in
the inset of Figure 9, where the first semicircle is the charge
transfer from the compact internal PEDOT to the current col-
lector; the second one is associated with the charge transfer
between outer PEDOT and electrolyte interface (i.e., the actual
ion doping/undoping process).”® As stated above, the PS
PEDOT film exhibits a spherical structure, in which the inner
PEDOT is completely covered by the outer layer. In contrast,
using UPEP method, R of S-PEDOT is much lower because
ad Ry (2)

R, ¥
C1 C2 C

Figure 10. Equivalent electrical circuits for the PS PEDOT electrodes (1)
and UPEP S-PEDOT electrodes (2).

(1)
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the highly oriented S-PEDOT promotes the ions to move in
and out freely with high electroactivity. An equivalent circuit of
the proposed impedance system is presented in Figure 10. The
internal PS PEDOT layer acts as an additional resistance in the
form of Rjg. The R, values of UPEP S—PEDOT and PS
PEDOT films are 6.74 Q and 12.89 Q, respectively, indicating
the very low interfacial resistance in the UPEP S—PEDOT sys-
tem. Details of the fitting process are presented in Supporting
Information Figure S9 and Table S3. These results prove that
the decrease in the impedance of UPEP S—PEDOT film is bene-
fit from its higher ion mobility in regular crystalline laminae
than that of PS PEDOT, in which the interlaminae of PS
PEDOT is intercepted with each other impeding the doping
process of SDS™ ion.

CONCLUSIONS

A highly oriented PEDOT film with a sponge dendritic struc-
ture has been fabricated by UPEP approach. In virtue of the
cooperation of on-time and off-time pulse, the UPEP technique
can produce PEDOT film with highly oriented arrangement
while PS PEDOT shows random crystal alignment. Moreover,
UPEP technique with intermittent polymerization kinetic results
in the spongy dendritic morphology of the PEDOT films com-
pared with a quite closely arranged globular morphology of the
PS PEDOT films. Such a spongy dendritic nanostructure with
highly oriented molecular arrangement improves the mass
transfer rate of doping anion and relieves volumetric stress dur-
ing the galvanostatic charge—discharge cycles. Therefore, the pre-
pared PEDOT film by UPEP method can be successfully applied
to electrochemical supercapacitor with outstanding electroactiv-
ity, high specific capacitances (239.1 F g~ '), and excellent
cycling stability with 7.3% decay from its initial capacitance
over 10,000 cycles. This material could potentially be valuable
in many application fields.
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