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Abstract:
poly(3,4-ethylenedioxythiophene) (PEDOT) on graphite nanoplatelet- or graphene nanoplatelet-

Composite porous supercapacitor electrodes were prepared by growing
deposited open-cell polyurethane (PU) sponges via a vapor phase polymerization (VPP) method.
The resulting composite supercapacitor electrodes exhibited great capacitive performance, with
PEDOT acting as both the conductive binder and the active material. The chemical composition was
characterized by Raman spectroscopy and the surface morphology was characterized by scanning
electron microscopy (SEM). Cyclic voltammetry (CV), charge-discharge (CD) tests and electrochem-
ical impedance spectroscopy were utilized to study the electrical performance of the composite
electrodes produced in symmetrically configured supercapacitor cells. The carbon material deposited
on PU substrates and the polymerization temperature of PEDOT affected significantly the PEDOT
morphology and the electrical properties of the resulting composite sponges. The highest areal

specific capacitance 798.2 mF cm 2

was obtained with the composite sponge fabricated by VPP
of PEDOT at 110 °C with graphene nanoplatelet-deposited PU sponge substrate. The capacitance
retention of this composite electrode was 101.0% after 10,000 charging—discharging cycles. The high
flexibility, high areal specific capacitance, excellent long-term cycling stability and low cost make

these composite sponges promising electrode materials for supercapacitors.

Keywords: poly(3,4-ethylenedioxythiophene); carbon material deposited sponge; vapor-phase
polymerization; supercapacitor

1. Introduction

Research on energy storage is important for the transition to renewable resources,
with supercapacitors being of great interest due to the high power density and quick
charge/discharge process. As a kind of supercapacitor, electric double layer capacitors
(EDLCs) are attractive to researchers for their high efficiency and stability. However, the
specific capacitance of the materials based on an electrical double layer mechanism is
limited by their specific surface area, since the charge is accumulated electrostatically at the
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interface between electrode and electrolyte [1-4]. Unlike EDLCs, pseudocapacitors achieve
their capacitance by fast and reversible redox reactions (faradaic reactions) of the electrode
materials during the charge-discharge process [5,6]. The capacitance of pseudocapacitors
can be 10-100 times greater than that of EDLCs [7], which makes pseudocapacitors more
competitive solutions to the energy storage problems.

The most commonly used electrode materials for pseudocapacitors are transition metal
oxides and conductive polymers (CPs) [8-11]. Transition metal oxides can provide high
specific capacitance, fast and reversible redox reactions, and good stability during cycling.
Ruthenium oxides and manganese oxides are examples of this type of pseudocapacitor
electrode materials [12-15]. However, the high cost, toxicity and brittle textures of metal
oxides limit their development in practical applications. Much effort has been expended
on CP-based supercapacitor electrodes due to their high theoretical capacitance, ease of
synthesis, and relatively high electrical conductivity compared to transition metal oxides.
In addition, the supercapacitors fabricated with CP-based electrodes have enhanced porta-
bility and mechanical flexibility at low cost [16-20]. Polyaniline (PANI), polypyrrole (PPy)
and polythiophene (PTh) are popular CPs used as electrode materials for pseudocapacitors.
In particular, the high stability of poly(3,4-ethylenedioxythiophene) (PEDOT) compared
to other CPs makes it a strong candidate as an electrode material in supercapacitors [21].
Although CPs have several advantages over other electrode materials for supercapacitors,
they suffer from low mechanical stability and poor rate performance during the charge-
discharge process. [22]. The active materials tend to form aggregates, which reduce the
accessible sites for redox reactions, resulting in a decrease in specific capacitance [23]. Also,
the relatively high electric resistance of pseudocapacitive materials, compared to carbon
materials and metals, limits the electron-transfer rate, leading to inferior performance at
high charge-discharge current density [24].

To obtain optimal capacitive performance, an effective solution is to fabricate carbon-
containing composites with electrochemically active species as electrodes, which can
achieve high capacitance via electric double layer mechanism and electrochemical reac-
tions [25-27]. Recently, commercial sponges/foams with macropores have been used as
the substrate or the scaffold for the active materials to fabricate supercapacitor electrodes.
The macroporosity of the sponge substrate guaranties accessibility to the electrode surface,
and the microporosity and mesoporosity of the active materials provide high surface ar-
eas [28-30]. A variety of pseudocapacitive materials with this kind of structure have been
utilized in supercapacitor electrodes. Ren et al. fabricated graphene foam /polypyrrole com-
posites via a chemical vapor deposition method and a chemical interfacial polymerization
method as stretchable supercapacitor electrode materials. The all-solid-state superca-
pacitor assembled with the resulting composite showed an areal specific capacitance of
258 mF cm~2 [31]. Liang et al. prepared a supercapacitor electrode material by growing
NiCo,S4 nanosheets on the compressible carbon sponge. The produced electrode achieved
a specific capacitance of 1093 F g~! [32]. Moon et al. used a commercial sponge as the sub-
strate to fabricate ZnCo,;O4/reduced graphene oxide composite through a hydrothermal
reaction. A symmetric supercapacitor was assembled with the composite sponge, and a
specific capacitance of 1116.6 F g’1 was obtained at a scan rate of 2 mV s~! in aqueous
electrolyte [33].

In recent years, one of the research focuses in the supercapacitor field is developing
flexible electrode materials. The flexibility of the electrodes allows the design of flexible
devices and promotes wearable applications. Various substrates have been used to fabri-
cate flexible composite electrodes for supercapacitors, such as fibers, tapes, and hydrogel
and films [34—40]. Both organic and inorganic materials can be the active materials for
flexible electrodes, and CPs are among the top choices for this due to their capacitive and
mechanical properties. Chen et al. used carbon fiber cloth as the substrate to fabricate a
ternary composite electrode. Exfoliated graphene oxide (GO) and molybdenum disulfide
(MoS,) were physically deposited onto carbon fiber cloth first, and then anchored firmly
with the PEDOT polymerization. GO served as the oxidant to initiate PEDOT polymeriza-
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tion and was reduced subsequently. With 1 M H,SO4 aqueous solution as the electrolyte,
the optimized areal specific capacitance was measured as 241.81 mF/cm? with CD test
at a current density of 0.5 mA/cm?, and the ternary composite exhibited good stability
during the charge—-discharge process [41]. He et al. electro-synthesized manganese dioxide
(MnO,) nanospheres on silver plated polyimide film and electrodeposited PEDOT onto
those nanospheres. The amount of the two ingredients were governed by electrodepo-
sition time. With vanadium pentoxide (V,05) as the other electrode and carboxymethyl
cellulose sodium (CMC)-NaySOy gel as electrolyte, the flexible MnO,@PEDOT composite
exhibited an areal specific capacitance of 116.9 mF/cm? and good cycling stability [42].
Alcaraz-Espinoza et al. deposited carbon nanotubes and polypyrrole onto eggshell mem-
branes to fabricate a flexible composite. The composite was highly porous at nano-scale.
With a phosphate-based electrolyte, the highest areal specific capacitance achieved was
564.5 mF/cm? [43]. Arena et al. prepared a conductive ink by dispersing polypyrrole pow-
der and graphene nanoplatelets with the help of an ionic surfactant, and then applied the
ink onto a gold plated flexible plastic film to fabricate a supercapacitor electrode. Nafion-
lithium hexafluorophospate gel electrolyte was sandwiched by two resulting electrodes to
assemble a supercapacitor cell. The areal specific capacitance was about 250 mF/cm? [44].
In this study, carbon materials (graphite nanoplatelets and graphene nanoplatelets)
deposited sponges were fabricated by the “dip and dry” technique with commercially
available macro open-cell structured polyurethane (PU) sponge. The graphite nanoplatelet
deposited PU sponge (GtPU sponge) and the graphene nanoplatelet deposited PU sponge
(GnPU sponge) were employed as the substrates for the polymerization of PEDOT, and the
vapor phase polymerization (VPP) method was applied to synthesize PEDOT. Compared
to other polymerization methods of PEDOT, the VPP method has produced more crys-
talline PEDOT with relatively high conductivity [45,46]. The simplicity and the substrate-
adaptability of the VPP method benefitted the electrode preparation and material design
significantly [47,48]. The resulting PEDOT/GtPU and PEDOT/GnPU composite sponges
were applied as the electrodes to assemble symmetric supercapacitors, respectively. The
effects of the deposited carbon material (graphite or graphene nanoplatelets) and VPP
temperature on the capacitive performance were determined utilizing CV, CD character-
ization and electrochemical impedance spectroscopy. With the optimized composition
and conditions, the resulting composite electrodes in this research exhibited high areal
specific capacitance and excellent capacitance retention, and the flexibility of the electrodes
allow the fabrication of flexible supercapacitors in the future research. The good capacitive
performance, the simplicity of the fabrication process, and the low-cost materials make the
resulting composite electrodes a competitive candidate for commercial application.

2. Materials and Methods
2.1. Materials

Polyurethane (PU) sponge was purchased from 3M Company, Saint Paul, MN, USA.
Graphite nanoplatelets (xGnP Grade M, specific surface area of 120-150 m? g~!, average
particle diameter of 15 pm) and graphene nanoplatelets (xGnP Grade C, specific surface
area of 750 m? g~!, average particle diameter less than 2 m) were purchased from XG
sciences, Inc., Lansing, MI, USA. 34-ethylenedioxythiophene (EDOT) and iron (III) p-
toluenesulfonate hexahydrate (Fe(PTS)3-6(H;0O)) were purchased from Sigma-Aldrich,
Saint Louis, MO, USA. Pyridine was purchased from Fisher Scientific, Fair Lawn, NJ, USA.
Concentrated sulfuric acid (H,SO,) was purchased from J.T. Baker Chemical Company,
Center Valley, PA, USA. Ethanol (190 proof) was obtained from Medline Industries, Inc.,
Lansing, MI, USA. All chemicals were used without further purification. Distilled water
was generated by a high-purity water system from Aries Filterworks, Resin Tech, Inc.,
Camden, NJ, USA.
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2.2. Preparation of Poly(3,4-ethylenedioxythiophene) (PEDOT)/Graphite and PEDOT/Graphene
Deposited Polyurethane (PU) Sponge

The typical procedures to fabricate PEDOT /GtPU or PEDOT/GnPU composite sponge
are shown in Figure 1. Graphite or graphene nanoplatelets were dispersed in ethanol at
1mgmL~! by 1 h sonication at room temperature. A piece of commercially available
PU sponge (1.5 cm x 1.5 cm x 0.2 cm) was cleaned by adequate application of ethanol,
then immersed in the prepared graphite or graphene dispersion overnight (about 10 h).
Then the GtPU or GnPU sponge was taken out of the dispersion and dried in ambient
conditions. The oxidant solution was made by dissolving Fe(PTS)s-6(H,0O) in ethanol
(0.05M). To minimize acid-initiated polymerization reactions, pyridine was added to
the oxidant solution [49]. Oxidant solution was applied to the GtPU or GnPU sponge to
saturate it and dried in ambient conditions. The GtPU or GnPU sponge with oxidant was
fixed in the center of the space enclosed by two identical Petri dishes, and 100 uL of EDOT
was added to the bottom one. The whole set was heated in an oven for 1 h at either 50 or
110 °C. After PEDOT polymerization, the sample was removed from the oven to terminate
the reaction. In order to remove the excess Fe(PTS); oxidant, pyridine and monomer,
the produced composite sponge was rinsed sufficiently with ethanol until no yellow
color of oxidant was observed in ethanol. The sample was dried at ambient conditions
overnight before chemical and electrical characterizations. The resulting composite sponges
maintained mechanical flexibility, even after the color turned dark blue. The representative
sample PEDOT/GnPU composite sponge prepared by VPP of PEDOT at 50 °C exhibited
high flexibility as shown in Figure 1c. To address the samples concisely, the composite
sponge prepared by VPP of PEDOT at 50 °C on graphite-deposited PU sponge is denoted
as 50 PEDOT/GtPU and, similarly hereafter, 110 PEDOT/GtPU, 50 PEDOT/GnPU and
110 PEDOT/GnPU composite sponges.

(a) pZ
deposmon VPP
) \ PEDOT
PU sponge GtPU sponge PEDOT/GtPU

(GnPU sponge) (PEDOT/GnPU)
Separator (d)

(b)
Current
] collector
cunusrsns csrmusrens ! (PEDOT/GnPU)

PEDOT/GtPU

Figure 1. (a) Schematic illustration of the preparation of poly(3,4-ethylenedioxythiophene)/graphite
nanoplatelet-deposited polyurethane (PEDOT/GtPU) and PEDOT/GnPU composite sponges.
(b) The photographs of PU, GtPU and GnPU sponge (from left to right on the top), 50 PEDOT/GtPU,
110 PEDOT/GtPU, 50 PEDOT/GnPU and 110 PEDOT/GnPU composite sponge (from left to right at
the bottom). (c) A bent strip of 50 PEDOT/GnPU composite sponge. (d) Schematic representation of
the supercapacitor cell assembly.

2.3. Characterization

The chemical compositions of PU, GtPU, GnPU, PEDOT/GtPU and PEDOT/GnPU
sponges were characterized with a DXR xi Raman imaging microscope with the laser
wavelength of 532 nm from Thermo Scientific. The surface morphology was investigated
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with a Zeiss Supra 55 field emission scanning electron microscope (FESEM). The symmetri-
cal supercapacitor cells were assembled with two identical pieces of resulting composite
sponge as the two electrodes and a piece of 3 x 3 cm? filter paper as the separator. The
electrolyte was 1 M H,SO4 aqueous solution. All the electrical tests were conducted with
the two-electrode configuration in ambient conditions on a VMP multichannel potentiostat
(Biologic). Capacitance values of the electrode materials were obtained with CV and CD
tests. The voltage window for CV was —0.5t0 0.5V, and 0 to 0.5 V for CD. The capacitance
values of the resulting composite sponge electrodes from CV tests were calculated with

the formula:
Cop = — 1 /V2 1dv
v v-(V2—V1) Jn

where v is the voltage scan rate, V-V is the voltage window applied for CV tests, and I is
the current response to the voltage change.
The capacitance values from CD tests were calculated with the formula:
i-At

CCD—W

where i is the constant discharge current, At is the discharge time, and AV is the voltage
decrease during discharge process, IR drop was excluded. The capacitance of a single
electrode was calculated by multiplying the capacitance values from CV or CD tests by 2
since the supercapacitor cells were assembled symmetrically. The areal specific capacitance
values were calculated by dividing the capacitance values from CV or CD tests by the
area of the sponge (1.5 cm x 1.5 cm). In the Ragone plot, the areal energy density E,; is

calculated with the formula:
1 CcpAV?

Egreal = 2 3600
where Ccp is the capacitance obtained from CD test, AV is the voltage window of CD test,
the calculated energy density is presented in fWh-cm~2. The areal power density P, is

calculated with the formula:
3600 Egreal

Prreal = At

where At is the discharge time of CD test. The Nyquist plots were obtained from electro-
chemical impedance spectroscopy to investigate the electrochemical processes.

3. Results and Discussion

The composition of the sponge was tracked by Raman spectroscopy during the prepa-
ration, shown in Figure 2. In Figure 2a, after graphite nanoplatelets were deposited on PU
sponge, the Raman signals of PU sponge [50] were no longer observed. The GtPU sponge
sample showed the characteristic Raman signals of graphite, weak D band at 1340 cm ™!,
G band at 1560 cm~! and G’ band at 2690 cm~!. The G band and G’ band of graphite
were retained in the Raman spectra of 50 PEDOT/GtPU and 110 PEDOT/GtPU, and the
D band was overlapped by the PEDOT signals appearing around the typical range of
1000 to 1600 cm ™! [51]. The most intensive peak of PEDOT at 1430 cm ™! was assigned
to Cy = Cg symmetric stretching. All the peaks of PEDOT were contiguous and difficult
to be distinguished due to the poor focus on the rough surface of the sponge and low
content of PEDOT. Similar results were obtained with the graphene deposited sponges.
The GtPU sponge showed the characteristic Raman signals of graphene, intensive D band
at 1340 cm !, G band at 1560 cm ™! and G’ band at 2670 cm~ . The graphene peaks were
still able to be observed in the spectra of 50 PEDOT/GnPU and 110 PEDOT/GnPU, and the
signals of PEDOT appeared. The peaks at 1430 and 1510 cm~! were assigned to Co = Cp
symmetric stretching and C = Cg asymmetric stretching from PEDOT structure, respec-
tively. Hence, it is confirmed that the method described above was feasible to prepare
PEDOT/GtPU and PEDOT/GnPU composite sponges.
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Figure 2. (a) Raman spectra of PU, GtPU, 50 PEDOT/GtPU and 110 PEDOT/GtPU sponge.
(b) Raman spectra of PU, GnPU, 50 PEDOT/GnPU and 110 PEDOT/GnPU sponge.

The GtPU sponge and GnPU sponge were prepared with the “dip and dry” method
on PU sponge, and the changes in morphology were explored by SEM, shown in Figure 3.
The three-dimensional macroporous open-cell structure of bare PU sponge was observed
in Figure 3a, and the surface of PU sponge cell was very smooth under high magnification
(Figure 3b). After graphite or graphene nanoplatelets deposited onto PU sponge, the
three-dimensional structure of the PU sponge scaffold was well maintained (Figure 3c,e),
and the surface morphology inside the cells was greatly modified by the deposited graphite
or graphene nanoplatelets (Figure 3d,f). In Figure 3d, the surface of PU sponge was
completely covered by the lamellar structured graphite nanoplatelets, and in Figure 3f,
the fine particle-like graphene nanoplatelets were observed closely packed with no PU
smooth surface exposed. The sheet resistance values of these sponges were measured
with the four-point probe method. Due to the porosity of the sponge, the measurement
of resistance was conducted with four probes (aligned in a line with intervals as 1 mm)
gently touching the surface of the composite sponge without pressing it. The thickness of
the sponge could be considered constant during composite fabrication, therefore, the trend
of sheet resistance indicated the trend of resistance. The bare PU sponge was insulating,
with the resistance out of range. After graphite or graphene nanoplatelets deposited
onto PU sponge, the sheet resistance values decreased to 225 k(}/square for GtPU and
707 kQ)/square for GnPU, respectively. The higher resistance of GnPU than GtPU can be
attributed to the discontinuity caused by the smaller flakes of graphene nanoplatelets than
graphite nanoplatelets.

Figure 3. Cont.
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Figure 3. Scanning electron microscopy (SEM) images of PU sponge, GtPU sponge and GnPU
sponge under differing levels of magnification. (a,b) for PU sponge, (c¢,d) for GtPU sponge, (e,f) for
GnPU sponge.

The prepared GtPU and the GnPU sponges were used as the substrates for VPP
processing of PEDOT. All the composite sponges maintained the macroporous open-cell
structure of the bare PU sponge (Figure 4a,c,f h), however, the surface morphology was
significantly changed by the growth of PEDOT. In Figure 4b, the outlines of graphite
nanoplatelets were faintly visible on 50 PEDOT/GtPU sponge, most graphite nanoplatelets
were attached by the continuous irregularly shaped PEDOT, and no mature porous struc-
ture formed by PEDOT. As the polymerization temperature of PEDOT increased to 110 °C,
the graphite nanoplatelets were no longer visible due to the higher yield of PEDOT than
at 50 °C. Diverse morphologies were obtained on 110 PEDOT/GtPU sponge. Most of
the surfaces were covered by PEDOT with many crevices scattered all over (Figure 4d).
In some valleys, another kind of morphology was observed. A small amount of PEDOT
grew into nano-scale accretive particles (Figure 4e). Other than VPP temperature, different
carbon materials deposited on PU sponge also caused the differences in morphology. In
50 PEDOT/GnPU sponge, well-formed submicron-sized porous structures were built by
continuous PEDOT, and no graphene nanoplatelets were observed. As the polymerization
temperature of PEDOT increased to 110 °C, the coral structure of PEDOT was developed
widely with massive nano-scale holes in it. In addition, nano-scale PEDOT particles were
also found in 110 PEDOT/GnPU sponge. The sheet resistance values of these compos-
ite sponges were also measured with the four-point probe method, and the value for
50 PEDOT/GtPU was 93 (}/square, 425 ()/square for 110 PEDOT/GtPU, 273 (}/square
for 50 PEDOT/GnPU, and 817 ()/square for 110 PEDOT/GnPU. After the polymerization
of PEDOT, the resistance values of the composite sponges were decreased significantly
compared to their substrates GtPU and GnPU. The decrease in resistance was due to part
of the PEDOT polymerized on GtPU and GnPU bridging the carbon flakes as a conductive
binder. As the polymerization temperature increased from 50 °C to 110 °C, the yield of
PEDOT was promoted, and more PEDOT was not acting as the conductive binder. In this
case, the lower conductivity of PEDOT than graphite and graphene nanoplatelets led to
the slight decrease in conductivity of the composite sponges when the polymerization
temperature increased from 50 °C to 110 °C.
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Figure 4. SEM images of 50 PEDOT/GtPU, 110 PEDOT/GtPU, 50 PEDOT/GnPU, 110 PEDOT/GnPU
composite sponges under differing levels of magnification. (a,b) for 50 PEDOT/GtPU, (c—e) for
110 PEDOT/GtPU, (f,g) for 50 PEDOT/GnPU, (h—j) for 110 PEDOT/GnPU.

The variation of morphology of the resulting composite sponges can be attributed to
the nucleation of PEDOT. According to the previous work [52], to initiate VPP of PEDOT,
EDOT monomer is attacked by the oxidant and forms an EDOT radical. Then PEDOT
chains grow as C-C bonds are formed between EDOT radicals. The radical termination
reactions during PEDOT polymerization result in that PEDOT is more likely to nucleate
at the chemically reactive sites. Considering the orbital hybridization of graphite and
graphene as an interruption of the honeycomb lattice, the unsaturation of the p, orbitals
and the break of the 7 conjugation on an edge increase the energy of the electrons at
the edge sites [53]. Therefore, the edges are more favorable for PEDOT nucleation. As
for the graphite and graphene nanoplatelets used in this work, graphene nanoplatelets
can provide more edges than graphite nanoplatelets due to their much smaller size of
sp? plane. Hence, the porous structure of PEDOT initiated by nucleation was developed
much better on GnPU sponge than on GtPU sponge. When polymerization temperature
increased, the concentration of EDOT vapor and the reaction rate were increased, leading
to a higher amount of EDOT radical available for polymerization and a higher yield than
at lower temperature. These two factors both facilitated the nucleation of PEDOT. In
consequence, the porous structure of PEDOT developed better at the relatively higher
polymerization temperature.

GtPU, GnPU and the composite sponges prepared with them at different VPP temper-
atures were employed as electrode materials for supercapacitors, and the assembled cells
were studied by cyclic voltammetry (CV) at scan rates from 10 to 100 mV s~! as shown in
Figure 5. The CV curves of GtPU sponge electrodes (Figure 5a) and GnPU sponge electrodes
(Figure 5b) both exhibited spindly, or highly distorted rectangular shape, indicating the
poor conductivity of the electrodes. Graphite and graphene nanoplatelets are both highly
conductive materials, however, the failed connection between scattered nanoplatelets on
insulating PU scaffold led to the poor conductivity. After PEDOT was polymerized onto
GtPU or GnPU sponge at 50 °C, the resulting composite sponges performed much better
in CV curves than their substrates. Fifty PEDOT/GtPU (Figure 5c) and 50 PEDOT/GnPU
sponges (Figure 5d) both exhibited a rectangular shape CV curves, suggesting good re-
versibility for cycling and low internal resistance of the electrode materials. The PEDOT
introduced to GtPU or GnPU sponge acted not only as the active material during the elec-
trochemical process, but also the conductive binder for the scattered graphite or graphene
nanoplatelets. Hence, both the conductivity and the capacitance of the supercapacitor
electrodes were enhanced significantly. In this work, the areal specific capacitance was
calculated instead of gravimetric specific capacitance, since the mass of the active electrode
material was at milligram /sub milligram level, and excessive error could be introduced
during mass measurement. The specific capacitance values of 50 PEDOT /GtPU sponge
from a CV test was 784 mF cm™2 at 10 mV s, and 114.9 mF cm™2 at 10 mV s~ ! for
50 PEDOT/GnPU sponge. Based on the morphology observed by SEM, the higher capaci-
tance of 50 PEDOT/GnPU sponge was attributed to the mature submicron-sized porous
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Figure 5. Cyclic voltammetry (CV) curves of symmetric supercapacitor cells assembled with GtPU (a), GnPU (b),
50 PEDOT/GtPU (c), 50 PEDOT/GnPU (d), 110 PEDOT/GtPU (e) and 110 PEDOT/GnPU sponge (f). CV curves were
obtained with different scan rates from 10 to 100 mV s~ 1.

As the polymerization temperature of PEDOT increased to 110 °C, higher yields and
more delicate three-dimensional structures of PEDOT were obtained compared to 50 °C
samples.  According to the CV curves of 110 PEDOT/GtPU (Figure 5e) and
110 PEDOT/GnPU electrodes (Figure 5f), the response currents were much higher than
those of the composite sponge electrodes prepared at 50 °C, but the response was slightly
slower than the 50 °C samples. The calculated specific capacitance of 110 PEDOT/GtPU
was 477.3 mF cm 2 at 10 mV s~ !, and decreased to 342.2 mF cm 2 at 100 mV s~ 1. For
110 PEDOT/GnPU, the value was 758.8 mF cm ™2 at 10 mV s~ !, and decreased to
530.8 mF cm~2 at 100 mV s~ 1. The high capacitance benefited from both the high yield
of PEDOT and nano-sized passageway for ion diffusion, which led to the high utilization
efficiency of PEDOT during electrochemical process. However, the nano-sized passageway
was more resistant to the ion diffusion than the submicrometer-sized channel. Therefore,
the current response of the composite sponge electrodes prepared at 110 °C was slower
than the 50 °C samples. Comparing the morphology of 110 PEDOT/GtPU and 110 PE-
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DOT/GnPU shown in Figure 4, the massive nanometer-sized holes and nano-scale PEDOT
particles on 110 PEDOT/GnPU were more effective for the high capacitive performance.

GtPU, GnPU and the composite sponges prepared with them at different VPP temper-
atures were employed as electrode materials for supercapacitors, and the assembled cells
were studied during galvanostatic charge-discharge (CD) test with the current density of
0.1 mA cm ™2 as shown in Figure 6. The discharge curves of all the samples exhibited the
linear relationship between discharge potential and time with a low IR drop, suggesting
the low internal resistance of the system and decent conductivity of the electrodes. The
specific capacitance values calculated from the CD data are summarized in Table 1. These
results were consistent with the results from CV curves. The VPP process of PEDOT
at 50 °C and 110 °C both enhanced the capacitance greatly. Under the charge-discharge
current of 0.1 mA cm ™2, the highest capacitance on the substrates of GtPU sponges were ob-
tained with 110 PEDOT/GtPU composite sponge, 494.7 mF cm~2, and on GnPU substrates
were 110 PEDOT/GnPU composite sponge, 798.2 mF cm 2. With PEDOT polymerized
onto GtPU and GnPU sponge, the capacitances were improved by around two orders of
magnitude, and the values increased as the polymerization temperature of PEDOT was
set higher.

(b)
(a) a GtPU sponge a GnPU sponge
0.5 B 50 PEDOT/GPU sponge 054 B 50 PEDOT/GnPU sponge
y 110 PEDOT/GtPU sponge y 110 PEDOT/GnPU sponge
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Figure 6. Charge-discharge (CD) testing curves of symmetric supercapacitor cells assembled
with GtPU, 50 PEDOT/GtPU and 110 PEDOT/GtPU sponge (a), GnPU, 50 PEDOT/GnPU and
110 PEDOT/GnPU sponge (b). CD curves were all obtained with the current density of 0.1 mA cm 2.

Table 1. Specific capacitance values of GtPU, 50 PEDOT/GtPU, 110 PEDOT/GtPU, GnPU,
50 PEDOT/GnPU and 110 PEDOT/GnPU sponge. The calculation was based on CD curves ob-

tained with the current density of 0.1 mA cm 2,

Substrate No VPP 50 VPP PEDOT 110 VPP PEDOT
GtPU sponge 0.7 mF cm—2 81.2 mF cm 2 494.7 mF cm 2
GnPU sponge 43 mF cm 2 106.6 mF cm 2 798.2 mF cm 2

Nyquist plots of the supercapacitor cells assembled with the electrodes of GtPU
sponge, GnPU sponge and composite sponges prepared with them via VPP PEDOT at
different polymerization temperatures are shown in Figure 7 with the equivalent circuit.
In Figure 7a, all three samples showed dramatic increase in capacitive impedance in
the low frequency region. The internal resistances (bulk resistance R}, charge transfer
resistance Rct, and one-third ionic resistance W) were analyzed with the intercept on the
real axis from the extrapolation of the approximate linear portion. The approximate linear
portion at low frequencies of GtPU was the most deflected from the Z” axis, illustrating
the highest internal resistance of GtPU. The linear portion of 50 PEDOT/GtPU was most
parallel to the Z” axis, indicating low internal resistance, and the excellent capacitive
behavior in the low frequency region. The linear portion of 110 PEDOT/GtPU was very
close to that of 50 PEDOT/GtPU but slightly more deflected from the Z” axis, indicating
the internal resistance of 110 PEDOT/GtPU was slightly higher than 50 PEDOT/GtPU.



Energies 2021, 14, 7393

12 of 17

The comparison of internal resistance deduced from Nyquist plots was consistent with
the analysis of CV data. At high frequencies, no curve was observed in the Nyquist
plot of GtPU sponge, indicating that there was no Faradaic reaction involved and the
resistance to ion diffusion and charge transfer was negligible. For 50PEDOT /GtPU, part of
a small-radius semi-circle appeared at high frequencies, and the intercept on the Z' axis
indicated the Rt was only around 0.6 (2 cm?. The Ry is associated with the doping/de-
doping process at the electrode/electrolyte interface. Therefore, the fact that the redox
reactions on 50 PEDOT/GtPU responded fast and the ion diffusion resistance was low
is convincing. For 110 PEDOT/GtPU, the radius was larger and the intercept on the Z’
axis was around 1.1 ohm, indicating the current response was slower and ion diffusion
resistance was higher than 50PEDOT/GtPU. In Figure 7b, similar results were obtained
with GnPU, 50 PEDOT/GnPU and 110 PEDOT/GnPU sponges. The internal resistance of
50 PEDOT/GnPU was the lowest, and GnPU was the highest. Different from GtPU sponge,
there was a curve portion observed at high frequencies with GnPU, due to the higher ion
diffusion resistance than GtPU sponge. The comparison between 50 PEDOT/GnPU and
110 PEDOT/GnPU was similar to that between 50 PEDOT /GtPU and 110 PEDOT /GtPU,
and 50 PEDOT/GnPU underwent a faster doping/de-doping process and had lower ion
diffusion resistance than 110 PEDOT/GnPU. All the conclusions drawn from Nyquist plots
were consistent with the analysis based on SEM, CV and CD measurements.
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Figure 7. Nyquist plots for the symmetric supercapacitor cells assembled with GtPU, 50 PE-
DOT/GtPU and 110 PEDOT/GtPU sponge (a), GnPU, 50 PEDOT/GnPU and 110 PEDOT/GnPU
sponge (b). Nyquist plots were all obtained with 10 mV. The high frequency regions are showed as
the inset.

According to the results and analysis above, given the PEDOT polymerization pa-
rameters, the composite sponges prepared with GnPU sponge substrates performed better
than those prepared with GtPU sponge substrates. Due to the edge energy state, graphene
nanoplatelets were more favorable for PEDOT nucleation and porous structure develop-
ment than graphite nanoplatelets. More electrochemical tests were conducted to further
investigate the rapid current response of 50 PEDOT/GnPU and the high specific capaci-
tance of 110 PEDOT/GnPU.

We further studied 50 PEDOT/GnPU and 110 PEDOT/GnPU with CD tests from 0
to 0.5 V with current density from low 0.1 mA cm~?2 to high 20 mA cm 2. The calculated
specific capacitance values under varied current densities are shown in Figure 8a,b. After
a small capacitance increase from 0.1 mA cm~2 to 0.4 cm ™2, the specific capacitance of
50 PEDOT/GnPU decreased slowly as the current density increased (Figure 8a). The
capacitance increase was attributed to the self-activation of PEDOT, and the redox reactions
on a small portion of PEDOT could not keep up with the applied current when current
density increased. The specific capacitance obtained at 20 mA cm~2 was 101.2 mF cm ™2,

it was 94.9% of the initial value 106.6 mF cm 2 at 0.1 mA cm~2 and 84.7% of the highest
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value 119.5 mF cm~2 at 0.4 mA cm 2. The high capacitance retention at high current
density confirmed the fast doping/de-doping process and low ion diffusion resistance of
50 PEDOT/GnPU. In Figure 8b, the specific capacitance of 110 PEDOT/GnPU decreased
significantly as the testing current density increased. There was no increase observed at
the first several tested current densities since the decrease caused by increasing applied
current was dominating the performance. The capacitance value 304.8 mF cm~2 obtained
at 20 mA cm~2 was 38.2% of the initial value 798.2 at 0.1 mA cm~2. The higher yield of
PEDOT and nano-scale porous structure on 110 PEDOT/GnPU caused the lower conduc-
tivity and higher ion diffusion resistance than 50 PEDOT/GnPU. It was more difficult
for 110 PEDOT/GnPU to keep up with the applied current, and more PEDOT in 110 PE-
DOT/GnPU could not respond to the applied current quickly compared 50 PEDOT/GnPU.
Although the specific capacitance of 110 PEDOT/GnPU decreased significantly as the
current density increased, the capacitance value of 110 PEDOT/GnPU was still higher than
50 PEDOT/GnPU at the highest tested current density of 20 mA cm 2.

—

(a) b)
2 & 1100] 05 —crmaen
G Tee— © 1000 <04 i
w w 2/ 1.0 mAem?
g é 900 © 03 20mAcm?
—O‘mAanl [0} = — 5.0 mA cm*
Q 02mAem? O 8004 €02 00 A x®
8 ——04 mAcm C \ L 20.0 mA em?
8 ——50mAcm? g 600 0.0
o 10.0 mA em” Q 1 ..
@ 200 mA e @ 0 2000 4000 6000
3] O 500 Time (s)
Qo 2 400 ¢
S 20 0 200 400 600 800 1000 B '
8 o Time (s) (% 300+ .
L& 0 5 10 15 20 0 5 10 15 20
Current density (mA cm™2) Current density (mA cm™2)
(€) 110, —a— 50 PEDOT/GNPU @00.000 i : ; '
nFL sponge & = this work
& 110 PEDOT/GnPU
—~ —e— 110 PEDOT/GnPU sponge - 10,000
5 s £ ; 110 PEDOT/GtPU ~ * ref34 7
s 101.0% £ 1,000 0PEDOT/GnPU  * ref35 ]
2 e B 0 PEDOT/GtPU v ref39
5 100“;& ----- e < 1004 o refd0 ]
° >-<:::\ 95.7% = . R , 4 refal
g o5 3 oy g > refd2 1
[ Ve
§ § 1] < o refd3 ]
S 90 @
% G 014 ]
O
851 ; : . : . 0.01 : : . .
0 2000 4000 6000 8000 10,000 0.01 01 1 10 100 1000

Cyole number Power density (mW cm~2)

Figure 8. Specific capacitance values of the symmetric supercapacitor cells assembled with 50 PE-
DOT/GnPU sponge (a) and 110 PEDOT/GnPU sponge (b) measured with different scan rates from
0.1 to 20 mA cm~2. The insets show the CD curves under each scan rate. (c) Specific capacitance reten-
tion versus cycle number for the symmetric supercapacitor cells assembled with 50 PEDOT/GnPU or
110 PEDOT/GnPU composite sponge. The CD tests were measured with the scan rate of 20 mA cm 2.
(d) Areal-normalized Ragone plot showing the comparison with cited works.

The long-term cycling stability of 50 PEDOT/GnPU and 110 PEDOT/GnPU composite
sponges was investigated by CD tests from 0 to 0.5 V with current density of 20 mA cm 2
for 10,000 cycles, shown in Figure 8c. The specific capacitance of 50 PEDOT/GnPU sponge
slightly increased in the first 50 cycles due to the self-activation of PEDOT, and then
slowly decreased till the end of the test. The decrease in capacitance is mainly caused
by polymer structural degradation from the continuous expansion and contraction of the
polymer during the repeated charging and discharging processes [54,55]. The capacitance
retention of 50 PEDOT/GnPU sponge was 95.7% at 10,000 cycles, exhibiting excellent
electrochemical stability. As for 110 PEDOT/GnPU sponge, the specific capacitance was
also lightly increased in the first 50 cycles and then decreased. However, the specific
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capacitance began to increase after about 2000 cycles and kept increasing till the end of
the test. The different capacitance retention behaviors of the two samples after 2000 cycles
were probably due to the different amounts of PEDOT on the composites. As mentioned
above, more PEDOT was polymerized on 110 PEDOT/GnPU than the 50 PEDOT/GnPU
sponge, and a large portion of PEDOT fell behind the applied current without being utilized
at high current density. The surface PEDOT went through the same self-activation and
degradation as 50 PEDOT/GnPU, causing the increase in capacitance in the first 50 cycles
and then a decrease within the first 2000 cycles. While 110 PEDOT/GnPU was kept at high
current density for a period of time, the inner PEDOT started to be activated [56]. With the
protection of the surface PEDOT, the activation of the underneath PEDOT took more charge—
discharge cycles than the surface PEDOT, and the degradation of the PEDOT underneath
was reduced compared to the surface PEDOT. Therefore, the 110 PEDOT/GnPU sponge
exhibited better cycling stability than 50 PEDOT/GnPU, and the capacitance was slightly
higher than the initial value at the end of 10,000 cycles. With the capacitance values and
the discharge times obtained from CD tests, the energy density and the power density
were calculated. 110 PEDOT/GnPU exhibited the highest energy density among samples
presented in this work, as 27.7 tWh cm~2, and the power density as 0.051 mW cm 2.
The energy density value is very competitive among some existing works on flexible
supercapacitor electrode materials, as shown in Figure 8d. The areal specific capacitance
and the retention of 110 PEDOT/GnPU are higher than the other reported materials listed
in Table 2.

Table 2. Comparison of areal specific capacitance values of some other existing works.

Electrode Material Electrolyte gurre‘nt Vf)ltage Highest .Spec1ﬁc Capacitance Retention Ref.
ensity Window Capacitance

110 PEDOT/GnPU H,S0;4 (aq) 0.1 mA cm 2 05V 798.2 mF cm 2 101.0% after 10,000 cycles this work
hgggggél;gg; gﬁﬁﬁ%’;ﬂ 0.025 mA cm—2 1.0V 30.4 mF cm—2 99.7% after 10,000 cycles [34]
LRGO@PANI-MSC H,SO, /PVA 0.035 mA cm 2 20V 72 mF cm 2 93.5% after 1000 cycles [35]
Ni/Cu/Ag@polyamide KCl/PVA 0.75 mA cm ™2 08V 41 mF cm ™2 ~30% after 5000 cycles [39]
MnO,@graphite tape LiCl/PVA 0.5mA cm~2 08V 577.5 mF cm 2 ~78% after 5000 cycles [40]
RGO/MoS, /PEDOT H,S0; (aq) 0.5 mA cm 2 1.0V 241.81 mF cm 2 93.7% after 5000 cycles [41]
MnO,@PEDOT NayS0,/CMC 0.1 mA cm—2 1.0V 116.9 mF cm—2 87.2% after 10,000 cycles [42]
PPy-f-MWCNT-ESM H3PO,/PVA 0.5 mA cm 2 05V 370 mF cm 2 60% after 4000 cycles [43]

4. Conclusions

GtPU and GnPU sponges were fabricated with the “dip and dry” technique by de-
positing graphite nanoplatelets and graphene nanoplatelets onto PU sponge, and then
they were used as the substrates for vapor phase polymerization of PEDOT. The produced
PEDOT/GtPU and PEDOT/GnPU composite sponges were employed as electrodes for
supercapacitors. The resulting composite sponges exhibited greatly enhanced electric con-
ductivity and capacitive performance compared to GtPU and GnPU substrates. The effect
of graphite nanoplatelets and graphene nanoplatelets on PEDOT growth and capacitive
behaviors of the resulting composite sponges were studied. At both polymerization temper-
atures, GnPU sponges were demonstrated to be more favorable for growth of VPP PEDOT
and high specific capacitance. The variation of VPP temperature for the polymerization
of PEDOT was also important for the PEDOT structure and the capacitive performance
of the final electrodes. The 50 PEDOT/GnPU exhibited an areal specific capacitance
of 106.6 mF cm~2, and 95.7% capacitance retention after 10,000 charge-discharge cycles
with 20 mA cm 2. The highest areal specific capacitance of 798.2 mF cm~2 was obtained
with 110 PEDOT/GnPU at current density of 0.1 mA cm 2. The capacitance retention of
110 PEDOT/GnPU was 101.0% after 10,000 charge-discharge cycles with 20 mA cm~2. The
high flexibility, high specific capacitance, excellent long-term cycling stability and low cost
of these composite sponges make them competitive electrode materials for energy storage.
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