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This study constitutes the first attempt to use an OLED emitter
material as a novel supercapacitor component. In supercapacitor
tests, the specific capacitance(33.07 F/g) of a poly(9-(3-vinyl-
phenyl)-anthracene) (PVPA)/multi-walled carbon nanotube
(MWCNT) mixture was found to be approximately three times
that of the system composed of the MWCNTs alone.

In recent times researchers have devoted much effort to
developing and refining energy storage devices such as
batteries, supercapacitors, and fuel cells.r® Supercapacitors
have attracted particular interest because they have higher
energy densities than those of conventional capacitors, higher
power densities than those of batteries, and a long lifetime.
These characteristics allowed supercapacitors to emerge as
highly promising devices in electrical vehicles, consumer
electronics, memory backup, and military devices. However,
for high power applications, supercapacitors have a major
disadvantage in possessing much lower energy density
compared to that of batteries. As a result, recent efforts in
supercapacitor development, including this study, have been
focused on
comparable to that of batteries.

A supercapacitor, or electrical double layer capacitor (EDLC), is

improving the energy density to make it

an electrostatic storage device in which electrical energy is
stored by separating the charge in a double layer at the
interface between the surface of a conductor electrode and an
electrolyte solution, as shown Fig. S1 (ESIT).

Carbon-containing materials such as carbon nanotubes (CNTs),
graphene, activated carbon, and mesoporous carbon have
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been studied for use in supercapacitors.&10 Among them, CNTs
are an attractive and representative material for energy
storage devices due to their advantageous properties, which
include high chemical stability, high aspect ratio, high
mechanical strength, and high-activated surface area.’t™?
despite these properties, the capacitance
performance of CNT-based supercapacitors developed to date
has been lower than expected.13 As a result, significant
attention has been devoted to nanocomposites of multi-
walled carbon nanotubes (MWCNTSs) and metal oxides due to
the excellent properties of each of these materials plus their
synergistic effects when used as composite electrode materials
for supercapacitors.m’16 However, these systems have the
drawbacks that they require complicated and expensive
processes involving high temperatures (>400 °C), long
preparation times, and expensive metal oxides (Rqu).17'21 Also,
Peng et al. reported that use of a composite of conducting
polymers and carbon nanotubes as the supercapacitor
electrode material enhanced the charge storage properties of
the supercapacitor.zz'24 However, in this study, we combine
MWCNTs and an organic light emitting diode (OLED) emitter.
Considering the mechanism underlying these devices, the key
factor determining the performance of supercapacitor
electrodes is their behavior in terms of the absorption and
desorption of ions in the adjoining electrolyte solution. This
behavior could potentially be improved by including within the
electrode an organic light emitting diode (OLED) material,
since such materials have strong ion stability. Incorporation of
OLED material into a supercapacitor electrode may potentially
enhance properties of the supercapacitor such as its specific
capacitance and durability.
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Fig. 1 Chemical structures of synthesized compound and
emission process of an OLED device: (a) 0 V, (b)~(d) according
to time under the operating voltage
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In the present work, we examined a novel material system
composed of a of CNTs (a
supercapacitor electrode material) and an OLED emitter.
previous study on OLED emitter materials, we
synthesized a new blue emitting polymer, poly(9-(3-vinyl-
phenyl)-anthracene) (PVPA), as shown Scheme S1 and Table S1
(ESIT).%> In OLEDs, cationic and anionic species are transported
inside the emitter material when a voltage is applied, as shown
in Fig. 1. In PVPA, anthracene, a very useful chemical group in
commercial blue OLED emitters,”*?® allows the polymer to
have a relatively strong ion stability under device operation.
For this study, we wondered whether these advantageous
properties of PVPA could be exploited by creating a mixture
material based on MWCNTs and PVPA to increase the energy
density of supercapacitors. Such a mixture material could be
prepared via a facile process using low process temperatures
(< 200 °C). This would constitute a major advantage over
aforementioned nanocomposite with
MW(CNTs and metal oxides.

The main motivation for this study was to test whether the
energy density of a supercapacitor could be enhanced by using
a mixture material system comprised of PVPA and MWCNTSs.
The present work represents the first attempt to use an OLED
emitter polymer in conjunction with MWCNTs as a
supercapacitor electrode material.

Fig. 1 shows the PVPA and OLED device emission process. In
selecting an OLED emitter material for use in supercapacitors,
we noted similarities between the mechanisms of
supercapacitor and OLED operation. In particular, we noted
that OLED emitters are highly stable in the ion state, a
property that is also required for supercapacitor
applications.zg'a0 Fig. 1 shows a schematic of the OLED
emission process of emitter (M) according to the applied
voltage. When the applied voltage is O (Fig. 1 (a)), the hole and
electron carriers are located at the edges of the anode (on the
left) and cathode (on the right), respectively. When a voltage is
applied, holes and electrons jump inside the material (Fig. 1
(b)), thereby changing the charges on the molecules from
neutral to ionic, M+ and M-. As the voltage is increased, M+
and M- species move to the center of the material (Fig. 1 (c)).
This behavior indicates that the emitter has a suitable carrier
mobility for normal device operation. Finally, pairs of cation
and anion carriers meet in center area and recombine to form
a recombination center for emission. This recombination
center, called an exciton, can emit radiation by shifting
electrons from the excited state to the ground state, as shown
in Fig. 1 (d).31'32
suitable for OLED applications, it must be stable in the cationic
and anionic states and must have appropriate carrier mobility
properties. We hypothesized that these properties of OLED
emitter materials would make such materials suitable for use
in supercapacitors.

A typical EDLC supercapacitor unit cell is comprised of two

mixture representative

In our

mixture systems

Therefore, for an emitter material to be

electrodes that are isolated from electrical contact. Metal foil
is used as a current collector to conduct electrical current from
each electrode. The electrodes are impregnated with an
electrolyte, which allows ionic current to flow between the
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electrodes. The mechanism of ion absorption and desorption
to the electrical double layer contributes to the charge and
discharge of the EDLC.

( <

Fig. 2 SEM MWCNT, (b) PVPA/MWCNT, (c)

images (a)
PVPA/MWCNT after solvent (methylene chloride) washing, (d)
PVPA/MWCNT after solvent (methylene chloride) washing.

By applying voltage to the facing electrodes, ions are drawn to
the surface of the electrical double layer and electricity is
charged. Conversely, they move away when discharging
electricity. The EDLC charge-discharge processes are shown in
Fig. S1 (ESIT).***

As shown in Fig. S2 (ESIT), the mixture of MWCNT and PVPA
(1:0.85 w/w) was prepared and was coated onto a clean SUS
(steel use stainless) substrate by blade coating.

Fig. 2 (a) and (b) show surface SEM images of the MWCNT and
PVPA/MWCNT films, respectively. The MWCNT film s
comprised of a homogeneous collection of worm-like
structures with radii less than 40 nm. In the PVPA/MWCNT film,
by contrast, a round PVPA cluster with a size of around 100 to
200 nm was observed (center of Fig. 2 (b)). To confirm that the
cluster consisted of polymer material, the film was dipped 10
times in methylene chloride, a solvent in which the polymer,
but not the MWCNTSs, is soluble.

Fig. 2 (c) and (d) show SEM images of the surface of the
solvent-washed film surface at two resolutions. Several holes,
with diameters ranging from 100 nm to 200 nm, are observed
on the surface. Comparing images of the same surface before
and after washing with solvent (Fig. 2 (b) and (d)), it is clearly
verified that the cluster in Fig. 2 (b) has disappeared in Fig. 2 (d)
and been replaced by a similar sized hole, indicating that the
clusters in the PVPA/MWCNT film were comprised of PVPA.
Fig. 3a and Fig. 3b show the CV curves obtained for MWCNT
and PVPA/MWCNT samples in NaCl electrolyte (1 M water
solution), using seven scan rates in the range of 20 to 200
mV/sec. In the CV experiments, a three electrode system
including a Ag/AgCl reference electrode was used in order to
accurately evaluate the capacitance of the mixture. All of the
CV curves showed a marked current response in the potential
range of -0.6 V to 0.1 V. As the scan rate was increased from
20 to 200 mV/sec, the current increased because of the faster
sweep speed. Comparing the CV curves for the MWCNT and
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PVPA/MWCNT film systems, it is observed that the current is
higher for the PVPA/MWCNT than for the MWCNT film. The
energy densities of these systems can be assessed by
calculating the specific capacitance (F/g), which provides a
measure of the energy density.

(@)
44
E)
< 1
T
£
=]
& )
—20mVis 40mVis
124 ——60mV/s ——80mVis
——100mV/s —— 150mV/s
—200mV/s
16 T T T T
-0.6 -04 -0.2 0.0 0.2
Potential (V vs. Ag/AgCl)
£3(b)
8
4]
— 21
@ o]
5 03
O g4
-10 ——20mV/s —— 40mV/s
24 ——60mV/s —— 80mVi/s
141 —100mV/s 150mVis
——200m\Vi/s
16 T T T T
-0.6 -0.4 -0.2 0.0 0.2
Potential (V vs. Ag/AgCl)
40
(c)
—_— .‘-\_1
D 54 i
oy —
8
{% 20 —®— MWCNT, NaCl —s— PVPA/MWCNT, NaCl
-‘5 —a— PVPA, NaCl
[
Q
T
o " \\'\H‘.ﬁ.
O
=
8
g,
w

T T T T T T T T T T
0 20 40 60 80 100 120 140 180 180 200 220

Scan rate (mV/s)
Fig. 3 CV curves recorded at various scan rates from 20 to 200
mV/s in NaCl electrolyte:(a) MWCNT, (b) PVPA/MWCNT, (c) The
specific capacitance of PVPA, MWCNT and PVPA/MWCNT
according to the scan rate (blue line=PVPA, black line=MWCNT,
red line=PVPA/MWCNT).

In a CV curves, the y axis is the current per gram and the area
under the CV curve is the electric charge in coulombs, Q. A
system with a high energy density will have a large area under
the curve. Based on the CV curves, specific capacitance values
indicating the energy density were calculated using the
following equation.l“'16

Vs

Co= s [0y @
ms(Vy —V;) ;7

where | is the redox current, V; is the initial voltage of redox, Vs
is the final voltage of redox, m is the mass (g), and s is the scan
rate. Thus, to obtain the specific capacitance (F/g) from the CV
curves, the area is calculated and that value is divided by mass
and scan rate, and the result is substituted into equation (1).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Nyquist plots of MCWNT and PVPA/MCWNT thin films in
1M NaCl solution) between Pt electrodes with AC voltage
amplitude of 10 mV(bias potential: 0 V) and frequency range of
100 kHz~0.01 Hz: inset shows equivalent circuit and expanded

Peng et al. reported a specific capacitance of 50 F/g for
MWCNTs;35 however, the MWCNT material used in the present
work showed a value of 10.79 F/g.

The specific capacitance values for the films are summarized in
Fig. 3c. Remarkably, the PVPA specific capacitance was very
little and the PVPA/MWCNT specific capacitance was three
times that of the MWCNT sample (10.79 F/g vs. 33.07 F/g at 20
mV/s). A similar increase was obtained at a scan rate of 200
mV/s. The marked enhancement of the specific capacitance on
adding PVPA to the MWCNT sample may be due to the
adsorption of PVPA to the MWCNTs, as PVPA increases redox
current. The specific capacitance values under various
electrolytes, including KCI, KOH, and NaOH, were measured
and the results are summarized in Table S2 (ESIT). It was found
that PVPA also enhanced the specific capacitance under other
electrolytes. The higher specific capacitance of the
PVPA/MWCNT film can also be explained by an impedance
experiment.%’38
Electrochemical impedance spectroscopy is a
technique for characterizing the properties of electrode-
electrolyte interfaces such as equivalent series resistance and
charge resistance. Fig. 4 shows Nyquist plots of the MWCNT
and_PVPA/MWCNT electrodes over the frequency range from
100 kHz to 0.01 Hz. For both the MWCNT and PVPA/MWCNT
electrodes, the equivalent series resistance (R,; the intercept
on the x-axis at the high frequency end) is less than 1.5 Q.
However, the charge transfer resistance (R.) of the
PVPA/MWCNT electrode (2.8 Q) is smaller than that of the
MWCNT electrode (3.8 Q), indicating enhanced electrical
conductivity in the PVPA/MWCNT electrode. The straight line
at low frequency in the Nyquist plot is indicative of Warburg
impedance, which is related to ion diffusion in a solution under
a high speed charging reaction.

The straight line at low frequency in the Nyquist plot is
indicative of Warburg impedance, which is related to ion
diffusion in a solution under a high speed charging reaction.
The straight line with a high angle (about 80°) observed at low
frequency for the PVPA/MWCNT electrode shows low diffusion
effect of ions within the electrode.

powerful
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Fig. 5 Life-cycle studies of MWCNT and PVPA/MWCNT mixture up
to 5000 cycles.

A critical performance parameter for supercapacitors is cycling
stability. As shown in Fig. 5, the MWCNT sample showed 57%
capacitance retention after 5000 cycles, whereas the
PVPA/MWCNT sample exhibited 83% retention after 5000
cycles. The latter system thus has markedly higher cycling
stability.

In this study, PVPA proved to be suitable for electrical
applications as a supercapcitor. To create a mixed system
supercapacitor, PVPA was mixed with MWCNTs at a weight
ratio of 0.85:1. After running tests, we discovered that the
specific capacitance of the PVPA/MWCNT system was
approximately three times that of the original system with only
MWCNTs. This result is valid by studying the specific
capacitance values of MWCNT and PVPA/MWCNT at scan rates
of 20 mV/s and 200 mV/s. This followed our initial hypothesis
of the superior performance of this mixture due to the
increased carrier mobility and stability from the PVPA.

This study will allow future work to explore the many
combinations of OLED emitters and supercapacitor materials.
(Fig. S4 ESIT) This is also just a starting point to the potentially
large production of supercapacitors with much greater energy
density.
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This study constitutes the first attempt to use an OLED emitter material as a novel
supercapacitor component. In supercapacitor tests, the specific capacitance(33.07 F/g) of a
poly(9-(3-vinyl-phenyl)-anthracene) (PVPA)/multi-walled carbon nanotube (MWCNT)
mixture was found to be approximately three times that of the system composed of the

MWCNTs alone.
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