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Supercapacitors via Vapor Copolymerization
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ABSTRACT: Flexible fiber electrodes are critical for high-performance fiber and
wearable electronics. In this work, we presented a highly conductive all-polymer fiber
electrode by vapor copolymerization of 2,5-dibromo-3,4-vinyldioxythiophene (DBE-
DOT) and 2,5-diiodo-3,4-vinyldioxythiophene (DIEDOT) monomers on commonly
used polyester threads (PETs) at a temperature as low as 80 °C. The poly(3,4-
ethylenedioxythiophene) (PEDOT)-coated PET threads maintain excellent flexibility
and show conductivity of 7.93 S cm™, nearly four times higher than that reported
previously via homopolymerization of DBEDOT monomer. A MnO, active layer was
embedded into the PEDOT double layers, and the flexible fiber composite electrode
showed a high linear specific capacitance of 157 mF cm™" and improved stability,
retaining 86.5% capacitance after 5000 cycles. Fiber-shaped solid-state supercapacitors =«
(FSSCs) based on the composite electrodes were assembled, and they displayed
superior electrochemical performance. This work provides a new approach to realize
high-performance and stable wearable electronics.
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1. INTRODUCTION

In recent years, flexible and wearable electronics have become
important technological trends and experienced rapid growth.
Wearable electronic devices often rely on energy storage units
to provide a continuous energy supply and suflicient power
density.' > Among all of the existing energy storage solutions,
flexible electrochemical supercapacitors with a fast charge—
discharge rate, high power density, and superior stability are
desirable for wearable electronics.”* One of the attractive
approaches to realize flexible supercapacitors is developing
fiber-shaped supercapacitors (FSSCs). Compared to planar
supercapacitors, FSSCs have a smaller volume and excellent
flexibility and, most importantly, can be woven into textiles,
which is ideal for wearable applications.”™”

Flexible and conductive fiber electrodes are essential
components for FSSCs. High conductivity can facilitate
electron transportation and electrochemical reaction inside
the electrode, thus helping to achieve high rate ability and
increase the stability of devices. Metal wires® " and carbon
fibers''~"* with high conductivity have been widely used as
electrodes, while their flexibility is inferior. Alternatively, low-
cost and light-weight polymer fibers, such as polyester threads
and cotton threads commonly used in textile and cloth, are
flexible and wearable, however requiring external conductive
coatings on the fiber substrates.'”'> The coating processes on
polymer substrates have to be conducted at low temperatures
due to their low glass transition and decomposition temper-
atures. Liu et al.'> reported Ni-coated cotton fibers by
electroless deposition with reduced graphene oxide (rGO)
nanosheets for supercapacitors. Liu et al.'® developed single-
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wall carbon nanotube-modified cotton threads by the dip-
coating method. Besides metal and carbon materials,
conductive polymers are also used to modify textile electrodes.
Wei et al.'” prepared polypyrrole nanotube-coated cotton
yarns via in situ polymerization for supercapacitors and
achieved a high areal specific capacitance of 74.0 mF cm™
Poly(3,4-ethylenedioxythiophene) (PEDOT)-coated fiber
electrodes were also reported by coating poly(3,4-ethyl-
enedioxythiophene) /poly(styrene sulfonate) (PEDOT:PSS)
dispersive solution'® or oxidative polymerization in solution.'”
However, the adhesion between the active materials and
substrates is weak, leading to a compromise between
conductivity and mechanical property.

To address these problems, vapor polymerization combining
vapor deposition of monomers and in situ polymerization has
been proposed.”’ Small-molecule monomers in vapor state can
penetrate into the microscopic pores of the fiber substrates
under the reduced pressure condition and thus form a
continuous and robust conductive layer on fibers after
polymerization. For example, Andrew’s group developed
oxide chemical vapor deposition (oCVD) of conductive
polymers on fiber and textile substrates;”' however, metal
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Figure 1. (a) Chemical reaction process of monomer synthesis and polymerization and (b) schematic figure of the vapor deposition polymerization
device and process. (c) Photo image and the schematic diagram of polyester threads before and after PEDOT deposition.

catalysts required to initiate the polymerization are difficult to
be removed after the reaction. Meng et al.”**’ and our
group”™*® reported vapor homopolymerization of 2,5-dibro-
mo-3,4-ethylenedioxythiophene (DBEDOT) monomer, which
could undergo an in situ self-catalyzed reaction at a mild
temperature (80 °C) below the glass transition temperature of
polymer substrates. However, the conductivity of PEDOT
polymerized from DBEDOT is still moderate (less than 2 S
cm™! based on the whole electrode), which limits the rate
ability and electrochemical performance in supercapacitors.

In this work, we synthesized 2,5-diiodo-3,4-vinyldioxythio-
phene (DIEDOT) and studied its copolymerization behavior
with DBEDOT at a mild temperature for the first time. The
resulting bromine- and iodine-co-doped PEDOT-modified
polyester thread showed a conductivity of 7.93 S cm™!, nearly
four times higher than that obtained when prepared by
DBEDOT polymerization alone. In addition, the co-doped
PEDOT threads also showed excellent flexibility and stability,
and no change of conductivity was observed at different
bending angles. Moreover, the PEDOT-modified polyester
thread was further deposited with MnO, by electrodeposition,
showing linear specific capacitance of 157 mF cm™" and areal
specific capacitance of 772 mF cm ™ at a discharge current of
0.3 mA cm™! (1.47 mA cm™2). These results showed that the
vapor deposition of PEDOT copolymerized by DBEDOT and
DIEDOT provided a promising way to prepare electrodes with
excellent electrochemical and mechanical properties for flexible
electronic devices.

2. RESULTS AND DISCUSSION

Figure la shows the halide substitution reaction of EDOT
monomers, followed by vapor polarization. DIEDOT mono-
mer formed white crystals after iodide substitution and
purification. Meng et al.*’ predicated that closely packed
DIEDOT monomers in the crystal could undergo cross-
coupling polymerization self-catalyzed by the product of I,
similar to DBEDOT, but the temperature was required to be
above 140 °C, which indicates that iodine-substituted
DIEDOT is much less reactive than the bromine-substituted

one (DBEDOT). The high polymerization temperature of
DIEDOT monomer could not polymerize to PEDOT
completely at 80 °C, limiting its application in temperature-
sensitive substrates, such as poly(ethylene terephthalate)
(PET) fibers (glass temperature of 81 °C).

Copolymerization is an important approach to change the
reaction dynamics and the properties of polymers.”**” Solid-
state copolymerization of DIEDOT monomers with higher
reactive DBEDOT monomers was performed, which showed
that even a small amount of DBEDOT can significantly
accelerate polymerization. The degree of solid-state polymer-
ization with different mass ratios of DIEDOT and DBEDOT
monomers at 80 °C was monitored using X-ray diffraction
(XRD) (as shown in Figure S1). DIEDOT and DBEDOT have
strong and sharp diffraction peaks, revealing relative long-range
orders. After copolymerization, a new broad peak appears at
approximately 25°, which corresponds to the 7—7 stacking in
PEDOT. When DIEDOT monomer was taken in larger
quantities, the diffraction peaks of the monomers coexisted
with those of PEDOT, implying that the monomers were not
fully polymerized into PEDOT. When the mass ratio of
DIEDOT is less than 50%, the specific diffraction peak
belonging to DIEDOT disappears, confirming that the
monomer completely polymerizes to form PEDOT. Compared
with PEDOT prepared by the homopolymerization of
DBEDOT, the peaks in the copolymerization samples shift
to a lower position slightly and the intensity decreases, which is
mainly due to the I dopant and the excess iodine kinetically
trapped in the PEDOT crystal lattice. Even so, both Br- and I-
doped PEDOT maintain high crystalline degrees. The
polymerization mechanism was proposed, as shown in Figure
S2. In the copolymerization process, the byproduct Br, acts as
the catalyst to reduce the energy barrier in the polymerization
reaction of DIEDOT, and bromine and iodine generated at the
same time act as dopants for the resulting polymers.

Vapor copolymerization of DIEDOT and DBEDOT
utilizing our homemade vials was performed, where both
monomers were put into the closed vial, and fiber substrates
were placed above the monomers (as shown in Figure 1b).
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Figure 2. SEM images of (a—c) pristine polyester threads and (d—f) PEDOT polyester threads at different magnifications. (g) EDX analysis
(elements overlapped) of PEDOT polyester threads. Elemental distribution of (h) S, (i) Br, and (j) 1.
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Figure 3. (a) Raman spectra of the monomers, polyester substrate, and PEDOT threads. (b) Thermogravimetric analysis (TGA) curves of
polyester and PEDOT threads. (c) X-ray photoelectron spectroscopy (XPS) spectra of polyester threads and PEDOT threads and (d) C 1s high-

resolution spectra.

The vial was evacuated down to 10 Pa for monomer
sublimation and then deposition onto the substrates. The
conductivity of PEDOT deposited on planar textile by vapor
copolymerization at different monomer mass ratios was
investigated, and no noticeable conductivity was observed
until the ratio of DIEDOT monomer was reduced to 75%
(Figure S3). The samples exhibit the highest conductivity
when the ratio of DIEDOT monomer is at 50%. Considering
both the conductivity and deposition time, 0.1 g of DIEDOT

31630

and 0.1 g of DBDOT monomer are used in the subsequent
copolymerization to prepare highly conductive flexible fiber
electrodes. Figure 1c shows the photo image and the schematic
diagram of a strand of 80 cm-long untreated polyester thread
before and after vapor deposition polymerization of PEDOT.
The color of the polyester threads obviously changed from
white to dark green, demonstrating that PEDOT was formed
on the surface of the sewing thread. Due to the high coverage
and uniformity of vapor deposition polymerization, PEDOT
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Figure 4. (a) Current—voltage curves of PEDOT threads prepared by different methods. (b) Changes in mass loading and linear resistance of
PEDOT threads at different times of polymerization. (c) Conductivity retention of the PEDOT thread under various deformations. (d)
Conductivity retention of the PEDOT thread under multiple bendings at 180°.

could uniformly wrap the inner thin fiber of the polyester
threads. As the process is solvent-free and is initiated by
heating, irregular, rough, and nonconductive substrates, such as
tissue paper, printing paper, filtering paper, textiles, and even
nanostructured TiO, porous layers, can be modified by a
uniform PEDOT layer (as shown in Figures S4 and S5).

The morphologies of the PEDOT-modified polyester thread
were characterized using scanning electron microscopy (SEM).
Figure 2a—c presents the surface morphology of pristine
polyester threads at different magnifications. The thread with a
diameter of approximately 600 ym consists of hundreds of 10
pm-wide thin fibers, and the surface is flat and smooth. After
deposition of PEDOT, the polyester thread retains the
multiple strand structure and each thin fiber is uniformly
covered by a layer of PEDOT nanograss, as shown in Figure
2d—f. The nanostructured PEDOT can increase the accessi-
bility of the electrolyte and provide more active sites for
electrochemical reactions. Energy-dispersive X-ray (EDX)
spectroscopy was conducted to present the distribution and
the doping state of PEDOT, as shown in Figure 2g—j. The S
element could represent the distribution of PEDOT. Both Br
and I elements were detected and distributed uniformly on the
thin fiber substrates, which means that both elements are
introduced into PEDOT as dopants.

To characterize the compositions of PEDOT on the fiber
substrate, Raman spectroscopy was conducted at an excitation
wavelength of 532 nm. As shown in Figure 3a, DIEDOT and
DBEDOT monomers show specific peaks of the thiophene
ring in the wavenumber range of 1400—1600 cm™'. For the
polyester substrate, three main peaks at 1614, 1726, and 1290
cm™! are assigned to the stretching vibration of the aromatic
ring, the vibration of the C=O bond, and C—O in ester,
respectively. After copolymerization, the PEDOT thread
exhibits two remarkable peaks at 1427 and 1513 cm™, which
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are attributed to the symmetric and asymmetric stretching
vibrations of the C=C bond, respectively. PEDOT is also
evidenced by the peaks of the C—O—C bond deformation at
437 cm™" and the oxyethylene ring deformation at 987 cm™'
The sharp peaks of monomers and the substrate nearly
disappeared, which indicates the high polymerization degree
and coverage of PEDOT on the substrate. In the enlarged
figure, as shown in Figure S6, for PEDOT from copolymeriza-
tion, the peak of the symmetric stretching vibration of the C=
C bond in the thiophene ring is at 1429 cm™' and narrowed.
The red shift reveals that the PEDOT resonance structure
changes from a mainly coiled benzene structure to a linear or
more relaxed quinone structure. The quinone structure has
better charge delocalization and a longer conjugation length,
and the force between chains could be further increased, which
increases the charge mobility and conductivity in PEDOT.***”
The narrowed characteristic peak also indicates that the
conjugation length of the polymer increases.

To examine the thermal stability of the PEDOT threads,
thermogravimetric analysis (TGA) was carried out under
nitrogen flow from room temperature (RT) to 400 °C (Figure
3b). Polyester threads show no apparent weight loss before
400 °C. After the deposition of PEDOT, a small percentage of
weight is lost at approximately 100 °C, due to the evaporation
of the oligomers. In the copolymerization case, the main chain
of PEDOT begins to decompose at the temperature range of
215-250 °C, while it is 160—183 °C for the PEDOT threads
obtained from the polymerization of DBEDOT. The increased
thermostability broadens the application areas of PEDOT and
contributes to maintaining the electrochemical property of the
resulting devices during usage.

The chemical composition of the PEDOT electrode was
analyzed using X-ray photoelectron spectroscopy (XPS). As
shown in Figure 3¢, the survey spectrum indicates that the
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pristine polyester threads are composed of C and O elements.
For the PEDOT threads obtained from copolymerization, the
new S, Br, and I signals with binding energy at 165, 68, and
620 eV, respectively, were detected, indicating that PEDOT
was successfully deposited onto the surface of the polyester
fibers. Figure 3d shows that the C 1s core-level spectra of the
pristine polyester fiber substrate can be curve-fitted into peaks
with binding energies at 288.9, 286.2, and 284.8 eV, which are
the typical characteristics of O—C=0, C—0, and sp” moieties,
respectively. After deposition of PEDOT, the peak at 284.5 eV
weakened while the peak at 285.84 eV increased, which
corresponds to the C—O and C—S moieties in the thiophene
ring in the PEDOT chain, respectively. The red shift of the
C=C bond (284.5 eV) in the PEDOT electrode indicates the
strong 7—7 interaction between PEDOT chains.”” C—Br and
C—I at 287.1 eV can be curve-fitted from the spectra, which
results from the unreacted terminal groups. Also, the C=S§
bonds at 288.6 eV were detected from the resonance structure
of PEDOT. I 3d,/, can be fitted with the peak at 631.1 eV, and
the I 3d;,, peak was also fitted at 619.7 eV, which proves the
introduction of I dopant in the PEDOT system.

To determine the electrical property of the PEDOT fiber
electrode prepared by copolymerization of DBEDOT and
DIEDOT via vapor deposition polymerization, a two-electrode
test was carried out by an electrochemical station. For
comparison, PEDOT polyester threads were prepared by
both solution oxidation polymerization of EDOT and vapor
polymerization of DBEDOT. The current—voltage (IV) curves
of different PEDOT electrodes are shown in Figure 4a. All of
the resulting IV curves show a typical ohmic behavior, and the
linear resistance can be calculated via the slope. According to
the slopes of the IV curves, the conductivity of the PEDOT
electrode prepared by copolymerization is higher than those
obtained by the other two methods. The calculated linear
resistance and electrical conductivity are listed in Table 1. The

Table 1. Comparison of Conductivity of PEDOT Threads
Prepared by Different Methods

by solution by by
polymerization DBEDOT copolymerization
linear resistance 709 178 44.6
(Q em™)
conductivity (S cm™) 0.50 1.99 7.93

PEDOT electrode prepared by solution oxidation polymer-
ization has the lowest conductivity of 0.50 S cm™, which is
mainly due to the low-mass-loading PEDOT and the poor
binding between PEDOT and the substrate. As shown in
Figure S7, PEDOT aggregates into particles and is scattered on
the substrate, which is the main disadvantage of oxidation
polymerization in solution. For the PEDOT electrode by
copolymerization, the conductivity is as high as 7.93 S cm™,
nearly four times higher than that in the case of polymerization
of DBEDOT and 16 times higher than that obtained from
oxidation polymerization from solutions. In the inset picture in
Figure 4a, three light-emitting diode (LED) bulbs are
successfully lighted up when using the PEDOT polyester
thread as the conductive connection. Furthermore, the value is
also higher than those of composite electrodes based on
nonconductive fiber modified by different methods and
materials in previous reports in the literature. For example,
the linear resistance of PEDOT:PSS-treated cotton fiber is 399
Q cm™'.*" The conductivity of polypyrrole and carbon black-

modified cotton fiber is 12.6 S m™".>* The conductivity of our
composite electrode is even higher than those of some carbon-
or metal material-modified nonconductive fibers. The
MWCNT-modified cotton fiber exhibits a resistance of 118
Q cm™.*’ The conductivity of rGO-polyester fiber prepared
by multiple coating is 400 Q cm™".** The Cu particle-coated
cotton fiber obtained from electroless deposition has a
conductivity of 1 S cm™L.>° Therefore, the PEDOT electrode
prepared by copolymerization of DBEDOT and DIEDOT not
only showed an ordered nanostructure and highly uniform
coverage on the substrate but also showed excellent electrical
conductivity.

To identify the mass loading of PEDOT and further increase
the conductivity of the PEDOT electrode, polymerization was
carried out multiple times. Because the mass loading is
relatively low, 80 cm-long polyester threads were used as
substrates to minimize the weighting error. As shown in Figure
4b, the mass loading of the PEDOT polyester thread prepared
by copolymerization is slightly lower than that obtained by
DBEDOT polymerization. This also confirms that the
improvement in conductivity in copolymerization probably
originates from different doping states and polymerization
degrees compared with homopolymerization of DBEDOT.
The mass loading increases linearly with the number of
polymerizations, and the resistance drops dramatically. After
four times of copolymerization, the mass loading of the
PEDOT polyester thread is about 0.28 mg cm™, while the
resistance decreases to 14 Q cm™!, which is much higher than
that of DBEDOT polymerization (50 © cm™). The tape test
was conducted to characterize the adhesion between the
PEDOT layer and the PET substrate. As shown in Figure S8a,
no active materials fall off the electrode. The conductivity
hardly changes after rubbing (Figure S8b), which further
confirms the excellent adhesion between the PEDOT layer and
the substrates. The PEDOT threads show good stability under
common solvents and laundry conditions (Figure S8c).

Figure 4c shows the conductivity retention of PEDOT
threads under various bending and twisting conditions. When
PEDOT threads are bent to 0, 90, and 180°, the conductivity is
almost unchanged. Wrapping PEDOT threads around a glass
rod with a small bending radius of 2.5 mm does not reduce the
conductivity. Even when the bending radius is reduced to 1
mm, the conductivity of the PEDOT threads remains
unaftected. The knotted PEDOT threads show an increase of
32% in conductivity, which is due to the increased contact area
of the PEDOT layer at the knot and partial parallel conductive
path forms. Since the PEDOT layer is only 200—300 nm thick
and interconnects with a uniform film, it shows high flexibility,
and the film is not damaged during bending and knotting. As
shown in Figure 4d, after 2000 times of bending at 180°, the
conductivity of PEDOT threads exhibits no apparent drop,
indicating the strong binding between the PEDOT layer and
the substrate. The excellent mechanical properties of PEDOT
threads meet the needs of wearable electronic devices in
practical applications and improve the durability of the devices.

To demonstrate the application of the PEDOT electrode in
flexible supercapacitors, MnO, was then electrodeposited on
PEDOT-coated fibers. MnO, is a widely used capacitive
material with high theoretical capacitance, but it suffers from
low conductivity and dissolves into solution during cycling.
Therefore, another PEDOT layer was deposited via vapor
deposition polymerization on MnO, as a protective and
conductive layer. For the composite electrode, the MnO,
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loading content significantly affects the electrochemical
performance. Since the mass loading of MnO, is relatively
low, to reduce the weighting error, different deposition times
(10, 30, 45, 60, and 75 min) were studied to optimize the
specific capacitance of the PM electrode. As shown in Figure
S9, MnO, displays similar nanostructures with increasing
electrodeposition time, while the capacitance of the PM
electrode increases fast at first and then changes little, as the
electrolyte cannot access the thick and compact MnO, layer
(Figure S10). Figure Sa shows the morphology of MnO,
growing on PEDOT polyester thread (PM). MnO, nanoplates
are homogeneously deposited on the thin fibers. EDX mapping
analysis in Figure S11 detected Mn element both on the
surface and inside the strand of the PEDOT electrode,
confirming the uniform distribution of MnO, on the substrate.
Since MnO, grows on the PEDOT electrode in situ during
electrodeposition, it shows good adhesion between MnO, and
the PEDOT layer in the tape test (Figure S12). Figure Sb
shows the morphology of the outer PEDOT layer. The
nanoplate structure turns into a network structure after
deposition of PEDOT, indicating the complete and uniform
coverage of PEDOT.

In the Raman spectra in Figure Sc, after electrodeposition of
MnO,, the peaks belonging to PEDOT disappeared, and new
peaks in the wavenumber range of S00—700 cm™' are
observed. The peak at 572 cm™ is ascribed to Mn—O
stretching in the basal plane of the MnO6 sheet, and the peak
at 653 cm™" is from the MnOG6 symmetric stretching vibration,
which indicates that §-MnO, is obtained.>***” For the PMP
electrode, the characterized peaks of PEDOT appear again
along with the absence of peaks of MnO,, indicating uniform
coverage of PEDOT on MnO,. As shown in Figure 5d and
Table 2, the conductivity of the PM electrode dramatically
decreases to 0.51 S cm™', which is due to the intrinsically poor
conductivity of MnO,. After wrapping the outer PEDOT layer,
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Table 2. Comparison of Conductivity of Different
Composite Electrodes

linear resistance conductivity
(Q em™) (S em™)
PEDOT 44.58 7.93
PEDOT-MnO, 588.24 0.51
PEDOT-MnO,-PEDOT 91.24 3.30

the conductivity of the PEDOT-MnO,-PEDOT (PMP)
composite electrode significantly increases to 3.30 S cm™.
Consequently, the PEDOT wrapping layer could provide
additional conductive paths.

To explore the electrochemical behavior of the composite
electrode, cyclic voltammetry (CV) and galvanostatic charge—
discharge (GCD) were conducted employing a three-electrode
configuration. As shown in Figure 6a,b, compared with the
PEDOT electrode, the PM electrode shows remarkable
improvement in capacitance, owing to the high specific
capacitance of MnO,. In the GCD characterization, it is
obvious that the outer PEDOT wrapping layer could provide
some additional capacitance, since PEDOT is a pseudocapa-
citance active material as well. Because the outer PEDOT layer
is fairly thin (less than 200 nm) and the theoretical specific
capacitance of PEDOT (210 F g™') is low, PEDOT only
contributes less than 10% of the electrochemical capacitance to
the PMP composite electrode. In the GCD curves, the IR drop
of the PMP electrode is 30% lower that than of the PM
electrode, indicating the reduced internal resistance. However,
the discharge time of the composite electrodes is slightly
longer than the charge time. In the CV curve, there is also an
obvious overpotential when the voltage is lower than —0.1 V,
indicating some undesirable and irreversible reactions. The CV
curves with scan rates ranging from 2 to 200 mV s~' (Figure
S$13a) and the GCD curves with current densities ranging from
0.3 to 1.8 mA cm ™" (Figure S13b) of the PMP electrode were
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Figure 6. Electrochemical performance comparisons of PEDOT, PM, and PMP electrodes. (a) CV curves at the scan rate of 2 mV s™%, (b) GCD
curves at the current density of 0.3 mA cm™" of different composite electrodes, and (c) cycling performance of the different electrodes during 5000
cycles. Fiber-shaped all-solid-state supercapacitor-based PMP composite electrodes. (d) CV curves at different scan rates (the inset shows the
photo of the assembled FSSC), (e) GCD curves at different charge and discharge currents, and (f) Ragone plots compared with other similar

reports.

tested. As expected, the electrode displays a high specific
capacitance of 157 mF cm™" at a discharge current density of
0.3 mA cm™, corresponding to the areal specific capacitance of
772 mF cm™?, which is 1.62 times that of the previously
reported composite PEDOT composite electrode based on
vapor deposition polymerization of DBEDOT.>® Based on the
GCD curves, the specific capacitance of the composite
electrodes at different current densities was calculated, and
the results are plotted in Figure S14. The specific capacitance
of the PMP electrode is slightly higher than that of the PM
electrode at low discharge current densities. As the discharge
current density increases, the specific capacitance of the PMP
electrode becomes much larger, indicating better rate
capability. The enhanced rate capability is attributed to the
improvement in electrical conductivity of the electrode after
coating another PEDOT layer. Cycling stability was inves-
tigated to evaluate the durability of the composite electrodes.
As shown in Figure 6¢, the PM electrode retained only 74% of
the initial capacitance after 5000 times. The capacitance
retention of the PMP electrode improves to 86.5%, which
confirms that the outer PEDOT layer can protect MnO, from
structurally collapsing or peeling off into the electrolyte during
long-time cycling. The PMP composite electrode also shows
superior flexibility because of the highly flexible substrate
electrode. As shown in Figure S15, the CV curves of the
composite electrode remain nearly unchanged at different
bending angles or when twisted and knotted.

The symmetric fiber-shaped solid-state supercapacitors
(FSSCs) based on PMP composite electrodes were assembled
using PVA/LiCl gel as electrolyte. The FSSCs have a stable
potential window from 0 to 0.8 V in the CV curve (Figure 6d).
GCD tests at various discharge current densities were also
conducted, as shown in Figure 6e. Based on the GCD curve,
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the linear specific capacitance of the whole device was
calculated to be 79.3 mF cm™' at a current density of 0.1
mA cm™', with the corresponding areal specific capacitance
and volumetric capacitance of 192.3 mF cm ™2 and 12.0 F cm ™3,
respectively. The specific capacitance is higher than that of
many fiber supercapacitors reported in the literature.”*™*' To
represent the relationship between energy density and power
density, the Ragone plot was obtained from GCD curves and
compared with other reported representative works (Figure
6f). The as-prepared FSSC delivered the highest energy
density of 13.8 kWh cm™ (linear energy density of 5.6 yWh
cm ™" and volumetric energy density of 0.85 mWh cm™) and a
power density of 87.4 yuW cm > (linear power density of 35.7
UW cm™" and volumetric power density of 5.4 mW cm™) at a
current density of 0.1 mA cm™'. The electrochemical
performance is superior to reported FSSCs based on natural
textile electrodes (cotton or PET fiber) or MnO, active
material, such as PPy/MO/Cotton,"” Cotton/Graphene/
PANI yarn,41 PET/Au/Ni-MOF@carbon yarns,42 CNT/
MnO,/Nylon,” carbon fiber/MnO,,**** MnO,-CNT-G-Ni,**
and MnO,/CNT.* The excellent electrochemical perform-
ance and mechanical flexibility of PMP electrodes and
corresponding fiber-shaped devices provide great application
potential in wearable electronics.

3. CONCLUSIONS

In summary, iodine-substituted EDOT was synthesized and
copolymerized with DBEDOT via vapor deposition polymer-
ization to fabricate highly flexible and conductive PEDOT
polyester threads, the conductivity of which was four times
higher than that obtained when homopolymerized from
DBEDOT alone. We used it as a current collector and
modified it with MnO, to fabricate fiber-shaped electrodes,
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showing linear specific capacitance of 157 mF cm™ and areal
specific capacitance of 772 mF cm™> The composite electrode
also exhibits superior rate capability, long cycling life, and
mechanical flexibility. FSSCs based on the composite electrode
were assembled and showed superior electrochemical perform-
ance. This work provides a facile method to fabricate high-
conductivity flexible fiber electrodes for supercapacitors, which
have potential applications in wearable electronics.

4. EXPERIMENTAL SECTION

4.1. Materials. EDOT (98%) was purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. N-bromosuccini-
mide (99%) and N-iodosuccinimide (99%) were purchased
from Shanghai Macklin Biochemical Co., Ltd. Chloroform,
acetic acid (98%), and Na,CO, were purchased from Beijing
Tong Guang Fine Chemical Company. Polyester threads were
purchased from Changshu Hengze Textile Co., Ltd. All
materials were used as received without further purification.

4.2. Synthesis of DBEDOT and DIEDOT. Briefly, 7.2 g of
N-bromosuccinimide was dissolved in 60 mL of CHCl; and 30
mL of acetic acid. The Schlenk line was used to exchange the
air with N, and keep the inert atmosphere in the reactor. The
resulting mixture was kept in the dark to avoid light and in an
ice bath to maintain the temperature. Then, 2.8 g of EDOT
was added to the solution. The mixture was stirred for 2 h and
quenched with water. The water layer was extracted using
chloroform. Then, 5 wt % Na,CO; was used to neutralize the
combined organic phase. The organic solvent was concentrated
using a rotary evaporator. The solid product was recrystallized
using ethanol as solvent.

Briefly, 9.39 g of N-iodosuccinimide was dissolved in 60 mL
of CHCl; and 30 mL of acetic acid. The Schlenk line was used
to exchange the air with N, and keep the inert atmosphere in
the reactor. The resulting mixture was kept in the dark to avoid
light and in an ice bath to maintain the temperature. Then, 2.8
g of EDOT was added to the solution. The mixture was stirred
for 2 h and quenched with water. The white precipitate was
filtered and washed with cold ethanol. The product was further
purified using column chromatography.

4.3. Preparation of PEDOT Polyester Threads. PEDOT
polyester threads were synthesized via vapor deposition
polymerization. Briefly, 0.2 g of DBEDOT and the polyester
thread substrate were put into a sealed vial. The system was
evacuated and heated in an oven at 80 °C for 24 h. For the
copolymerization case, a total of 0.2 g of DBEDOT and
DIEDOT with different mass ratios used as monomers was
taken, while the other conditions were kept the same.

4.4. Preparation of PEDOT-MnO, Polyester Thread
Composite Electrodes. The MnO, nanoplatelet array was
synthesized through a constant voltage -electrodeposition
method in a three-electrode system. The PEDOT polyester
thread, Ag/AgCl, and platinum were used as the working
electrode, reference electrode, and counter electrode, respec-
tively. The deposition voltage was set at 0.75 V in 100 mL of
an aqueous solution containing 0.05S M manganese acetate and
0.02 M ammonijum acetate at room temperature for different
deposition times. The composite electrodes were washed with
deionized water and dried in an oven at 60 °C.

4.5. Preparation of PEDOT-MnO,-PEDOT Polyester
Thread Composite Electrodes. Briefly, 0.1 g of DBEDOT
and PEDOT-MnO, polyester threads were placed in a sealed
vial. The system was evacuated and heated in an oven at 80 °C
for 24 h.

4.6. Fabrication of the Flexible Solid-State Super-
capacitor. Specifically, 5 g of PVA and 50 mL of LiCl solution
(1.0 M) were mixed and heated at 90 °C under stirring until a
homogeneous solution of PVA-LiCl gel electrolyte was formed.
Two identical PEDOT/MnO,/PEDOT electrodes were
coated with PVA-LIiCl gel electrolyte, dried under ambient
conditions, and then twisted together, and the solid-state FSSC
was obtained finally.

4.7. Characterization and Electrochemical Measure-
ment. The morphology and composition of the electrodes
were characterized using field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800), energy-dispersive X-
ray (EDX, Hitachi S-4800) spectroscopy, micro-Raman
imaging spectroscopy (DXRxi), and a one-dimensional X-ray
diffractometer (X pert pro). Electrochemical cyclic voltamme-
try, galvanostatic charge—discharge measurements, and electro-
chemical impedance spectroscopy (EIS) were conducted using
Metrohm Autolab electrochemical workstation. The electro-
chemical properties were investigated in 1 mol L™' Na,SO,
solution using a three-electrode system, where the composite
fiber electrode, Ag/AgCl, and platinum were used as the
working electrode, reference electrode, and counter electrode,
respectively.

4.8. Calculation of Specific Capacitance, Energy
Density, and Power Density. The linear specific capacitance
was calculated from the galvanostatic charge—discharge curves
using the following equation

Q _ [ I A
(V_IXRdrop)

TIXAV XAV 1

where C (F m™) is the linear specific capacitance, I (A) is the
discharge current, AV (V) is the discharge potential range,
IRy is the voltage drop at the beginning of the discharge, At
(s) is the discharge time, and I (m) is the active length.

The surface area and volume of the composite were
calculated according to the equations S = 2zdl and V =
27r*l, where d (d = 650 um) and r (r = 325 um) are the
diameter and radius of the PEDOT-MnO,-PEDOT composite
electrode, respectively, and [ is the active length. The areal
specific capacitance (F ¢cm™) and the volumetric specific
capacitance (F cm™) are calculated in the same as the linear
specific capacitance.
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