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ABSTRACT: This work describes a ternary screen-printed
electrode system, composed of aqueous poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonic acid) (PE-
DOT:PSS), graphene, and hydrous ruthenium(IV) oxide
(RuO,) nanoparticles for use in high-performance electro-
chemical capacitors. As a polymeric binder, PSS allows stable
dispersion of graphene and hydrous RuO, nanoparticles (NPs)
in an aqueous PEDOT:PSS system through electrostatic
stabilization, ensuring better utilization of the three
components. Additional PSS molecules were added to
optimize the solution viscosity to obtain screen-printed
electrodes. The effects of graphene and hydrous RuO, NPs
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PSS-coated RGO PEDOT.PSS ternary composite

RuO, NPs

on the electrical and electrochemical properties of PEDOT:PSS were systematically investigated. The graphene sheets greatly
enhanced the charge-transport properties, such as the doping level and conjugation length, through strong 7—7 stacking
interactions with the PEDOT structure. The hydrous RuO, NPs anchored to the PEDOT:PSS/graphene surfaces facilitated
redox reactions with the surrounding electrolyte, and significantly enhanced the specific capacitance of the electrode materials.
The resulting RuO,/PEDOT:PSS/graphene electrode with a thickness of ~$ ym exhibited high conductivity (1570 S cm™), a
large specific capacitance (820 F g™'), and good cycling stability (81.5% after 1000 cycles).
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B INTRODUCTION

Polymeric acids, such as poly(4-styrenesulfonic acid) (PSS),'””
poly(vinylsulfonic acid) (PVS),'® and poly(acrylic acid)
(PAA),"" have attracted great interest due to their simple film
formation and tunable electrical conductivity. In particular,
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonic acid)
(PEDOT:PSS) has been widely utilized as an electrode material
in organic photovoltaics (OPVs),*~¥'>7'® dye-sensitized solar
cells (DSSCs),"?~** organic light-emitting diodes (OLEDs),”
and sensors’**> due to its numerous advantages including a
small band gap (1.6—1.7 eV), low redox potential, good optical
properties, and high processability from aqueous solu-
tion."~'72! In these devices, the conductivity of PEDOT:PSS
is an important factor with regard to device performance.'®”"®
Various organic compounds with high dielectric constants, such
as dimethyl sulfoxide (DMSO), ethylene glycol (EG),
tetrahydrofuran (THF), sorbitol, N-methylpyrrolidone
(NMP), isopropanol (IPA), and N,N-dimethyl formaldehyde
(DMF), increase the conductivity of PEDOT:PSS by several
orders of magnitude (up to ~10° S cm™") by reducing the ionic
interactions between positively charged PEDOT and negatively
charged PSS.>~515721267287879 e to their high conductivity,
PEDOT:PSS thin films have been considered for use as the
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cathode material in electrochemical capacitors.”®~>* But despite
their high conductivity, conducting polymers, including
PEDOT:PSS, usually suffer from a low capacitance because
only a fractional number of electrons are obtainable from the
monomer units of the polymer.*®

Formation of conducting thin films with morphological
homogeneity and dimensional stability has become a key issue
for improving the performances of electronic devices.>***3%%”
Spin-coating provides a facile means to produce thin films from
soluble conducting polymers. In the spin-coating method, the
film thickness of conducting polymers is modified by adjusting
the concentration of solution and the rotating rate of the spin-
coater.*** However, the spin-coating method does not support
the partial coating of substrate or creation of specific patterns
on the substrate. The inkjet printing method, a type of
computer printing, can create specific patterns on large-scale
substrates by propelling droplets of inks in the cartridge.®
Despite its advantage, the cartridge used in inkjet printing is
usually blocked and damaged by ink materials unless the
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Scheme 1. Overall Procedure for Fabricating RuO,/PEDOT:PSS/Graphene Screen-Printed Electrode and Digital Camera

Image of Screen-Printed Electrode
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cartridge is washed within 1 day; thus, the ink materials for
inkjet printing should be water-soluble solution with low
viscosity. Moreover, ink materials used in the inkjet printing
method are not reusable; therefore, large amounts of inks are
wasted during the process. Recently, screen-printing has
provided a simple, effective way to obtain defined patterns of
conducting materials with various shapes and sizes.”**?
Compared with the spin-coating and inkjet printing methods,
the screen-printing method provides the following advantages.
(1) In the screen-printing method, the conducting polymer
solutions can be transferred onto both rigid and flexible
substrates, such as poly(ethylene terephthalate) (PET),
polycarbonate (PC), poly(methyl methacrylate) (PMMA),
polyimide (PI), glass, and metals, through a screen mask that
contains the specifically designed patterns. (2) Inks used in the
screen-printing method are reproducible and reusable. (3)
More importantly, the screen-printing method is a mass-
producible and highly scalable system, which makes it suitable
for many industrial and practical applications. In general,
conducting inks for screen-printing require a relatively high
viscosity (~10° centipoise, cP) to achieve good adhesion
between the patterns and the substrate. Despite the high
conductivity of PEDOT:PSS, most PEDOT:PSS solutions
usually have viscosities of less than 10> cP to facilitate
transparent thin-film formation.>” As a water-dispersible
polymeric binder, PSS possesses a high viscosity; this viscosity
can be tuned by controlling the molecular weight or monomer
concentration of PSS.” Moreover, PSS possesses sufficient
sulfonate groups (—SO;”), which enable uniform anchoring
and good dispersion of various materials through electrostatic
repulsion interactions.*®*” For this reason, PSS is a promising

material for optimizing the viscosity of PEDOT:PSS solutions
for screen-printing onto flexible plastic substrates. However, an
excess of polymeric binders significantly lowers the conductivity
of PEDOT:PSS-based electrodes due to their insulating
properties.* Hence, the preparation of PEDOT:PSS inks for
fabricating screen-printed electrodes having both high con-
ductivity (>10° S cm™) and optimized viscosity (>10° cP) still
poses a challenge.

Graphene, consisting of sp*-hybrid carbon atoms with a
honeycomb crystal structure, is a promising candidate for
constructing conductive composites with various components,
including conducting polymers and metals, due to its
outstanding charge-transport properties, mechanical strength,
and flexibility.*"*>7%>#!7%3 The PEDOT/graphene composite
system has been widely used as an electrode material for
electrochemical capacitors.”>***~* In PEDOT/graphene
binary composites, the graphene sheets form strong z—7
stacking interactions with the thiophene rings of the PEDOT
structure; this significantly enhances the charge-transport
properties of the binary electrode.”®* Such 77—z stacking
interactions become magnified when graphene is highly
dispersed throughout the PEDOT solution. Thus, a homoge-
neous dispersion of reduced graphene in an aqueous phase is
essential for improving the charge-transport properties of
PEDOT:PSS. Several papers have reported the formation of a
stable dispersion of reduced graphene by electrostatic repulsion
interactions between the —SO;” groups of PSS and
graphene.*®* In addition, the solution viscosity of PE-
DOT:PSS/graphene may increase with the filler content.
Accordingly, a PEDOT:PSS/graphene system with an optimal
amount of graphene can induce a higher solution viscosity and
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enhanced charge-transport properties compared with pristine
PEDOT:PSS.

Ruthenium(IV) oxide (RuO,) nanoparticles (NPs), espe-
cially the hydrous and amorphous forms, offer great potential as
a pseudocapacitor component due to their fascinating virtues
(e.g., high capacitance, fast redox behavior, and good electrical
conductivity).29’30’46’47’77 Both PEDOT:PSS and graphene
sheets provide functional groups that promote uniform
dispersion of RuO, NPs. For this reason, RuO, NPs are
promising for hybrid electrode systems consisting of
PEDOT:PSS and graphene sheets. Thus, it is necessary to
combine advantages of each component, such as rapid ion
sorption/desorption of carbon materials and facile redox
behaviors of pseudocapacitive materials, for construction of
high-performance electrochemical capacitors.”>~"’

Herein, we report the preparation of water-dispersible RuO,-
decorated PEDOT:PSS/graphene-based screen-printing inks
for use as electrode materials in high-performance electro-
chemical capacitors. To our knowledge, this is the first
demonstration of a ternary electrode system consisting of
PEDOT:PSS, graphene, and hydrous RuO, NPs in an aqueous
phase; this electrode configuration, obtained by screen-printing,
exhibited high electrical and electrochemical performance. The
PSS binders were inserted into the PEDOT:PSS solution to
optimize the viscosity of the PEDOT:PSS-based inks for
screen-printing. The PSS prepared by low-temperature radical
polymerization in an aqueous phase provided a higher viscosity
and molecular weight compared with conventional, commer-
cialized PSS. Thus, only small amounts of PSS (1/5 v/v vs
distilled water) were required for sufficient PEDOT:PSS
solution viscosity. In the presence of high-molecular-weight
PSS, graphene (size 2—10 pgm) and hydrous RuO, NPs
(diameter ~5 nm) were highly dispersible in the PEDOT:PSS
solution through electrostatic stabilization.””*%**3° Ru0,/
PEDOT:PSS/graphene solutions were formed as patterned
electrodes on flexible plastic substrates; the patterned electro-
des had a uniform thickness of S ym. To identify the optimal
amount of graphene for the PEDOT:PSS/graphene composite,
the changes in conductivity and electrochemical activity as a
function of graphene content were evaluated. The synergetic
effects from PEDOT:PSS, graphene, and hydrous RuO, NPs
on the morphological, charge-transport, and electrochemical
properties were systematically investigated. The resulting
RuO,/PEDOT:PSS/graphene screen-printed electrode system
exhibited significantly higher conductivity (1570 S cm™), a
larger specific capacitance (820 F g™'), and better cycling
performance (81.5% after 1000 cycles) compared with
PEDOT:PSS, making this system suitable for electrochemical
capacitors.

B RESULTS AND DISCUSSION

Structure of RuO,/PEDOT:PSS/Graphene Nanocom-
posite. Scheme 1 describes the fabrication methods of RuQO,/
PEDOT:PSS/graphene nanocomposites. DMSO (5 wt %),
which is known to enhance the conductivity of PEDOT:PSS by
reducing the Coulomb interactions between PEDOT NPs and
PSS molecules, was added to the PEDOT:PSS solution.>™
According to Hansen’s equation, the DMSO/water cosolvent
system provided appropriate hydrogen bonding (8,) and
polarity interaction (5,) parameters, which are related to the
stable dispersion of PSS-coated éraphenes and hydrous RuO,
NPs in the cosolvent system.*** Graphene oxide (GO) was
prepared according to the Hummers method, and graphene

sheets were produced by reducing GO in the presence of PSS.*
In this study, PSS was synthesized in an aqueous phase using
2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH) as a
water-soluble initiator for free-radical polymerization.*® During
the reduction of GO, the PSS electrostatically covered both
sides of the graphene sheets through electrostatic repulsion
interactions between the anionic head groups (—SO;™) of PSS
and the graphene; thus, the PSS-coated graphene sheets
became directly dispersible in the aqueous phase. The PSS-
coated graphene sheets (30 wt % with respect to DMSO-doped
PEDOT:PSS) were inserted and dispersed in PEDOT:PSS
solutions doped with 5 wt % DMSO via mechanical stirring and
sonochemical treatment. The 30 wt % PSS aqueous solutions
were introduced to the PEDOT:PSS/graphene solutions to
obtain sufficient viscosity (more than 10® cP) for screen-
printing. Although increasing the amount of PSS reduces the
conductivity of PEDOT:PSS, loading of PSS can minimize and
sometimes prevent serious agglomeration of the graphene
sheets due to the van der Waals forces between them.>” This
intensifies the 7— interactions between the thiophene rings of
PEDOT:PSS and the §raphene sheets due to the improved
compatibility.”>*¥**~*>>! Hydrous, amorphous RuO, NPs
formed as a result of the reaction between RuCl; and NaOH,
followed by low-temperature annealing (150 °C).***” These
hydrous RuO, NPs were anchored to the surface of
PEDOT:PSS/graphene by chemical interactions between the
residual oxygen-containing functional groups on graphene
sheets and the RuO, NPs, or through the electrostatic
interaction between the Ru*" cations of RuO, and the SO;~
anions of the PSS molecules.”*** Thus, the PSS molecules
acted as electrostatic stabilizers that reduced the particle
aggregation of RuO, NPs and facilitated redox reactions
between RuO, NPs and the PEDOT:PSS/graphene surfaces.
The ternary RuO,/PEDOT:PSS/graphene, having an opti-
mized solution viscosity, was formed as patterned on flexible
plastic substrates using the screen-printing method; the
patterned films have a uniform thickness of ca. 5 pm.
Accordingly, the synergetic effects from PEDOT:PSS, graphene
sheets, and RuO, NPs resulted in a higher specific capacitance
for the system. The patterns obtained, which consisted of three
components (PEDOT:PSS, graphene, and Ru0,), were used as
the working electrode of an electrochemical capacitor. The
prepared RuO,/PEDOT:PSS/graphene solutions showed good
adhesion with the flexible PET, which was attributed to the
optimized solution viscosity caused by PSS binders within the
conducting inks. It was evident that the screen-printing method
could be a facile means for forming thin-film electrodes of
different shapes, sizes, and thicknesses on flexible plastic
substrates.

Figure 1 shows field-emission scanning electron microscopy
(FE-SEM) images of PEDOT:PSS, graphene, PEDOT-G30
(PEDOT:PSS with 30 wt % graphene), and RuO,/PEDOT-
G30 prepared by screen-printing. PEDOT:PSS was composed
of nanoscale grains (diameter ca. 20—30 nm) (Figure la,b).
The sizes of the graphene sheets ranged from ~2 to 10 ym
(Figure 1c,d and Supporting Information, Figure Sla); these
graphene sheets were mixed with the PEDOT:PSS grains and
became highly dispersed throughout the PEDOT:PSS surface,
demonstrating that the graphene sheets could be successfully
incorporated into the PEDOT:PSS system in the presence of
amphiphilic PSS molecules (Figure lef). An increased number
of anionic groups per unit chain length of PSS molecules
should enhance the interfacial interactions and mechanical
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Figure 1. FE-SEM images of PEDOT:PSS (a, b), graphene (c, d),
PEDOT-G30 (e, f), and RuO,/PEDOT-G30 (g, h). Magnifications:
5000% (a, ¢, e, g) and 80000X (b, d, f, h).

interlocking between the graphene sheets and PEDOT:PSS
nanograins, which would eventually lead to good dispersion of
hydrophobic %a%)hene sheets in an aqueous PEDOT:PSS
system.”?>*%°*31 This, in turn, may increase the 7—zx
interactions between the PEDOT:PSS and graphene sheets,
which is an important factor for increasing the conductivity of
the nanocomposite. The RuO, NPs (<S nm in size) were
highly dispersed over the PEDOT-G30 surface (Figure 1gh),
and the sizes of the NPs were identical to those of RuO, NPs
(Supporting Information, Figure S1b).* These RuO, NPs may
become thermodynamically stable through electrostatic inter-
actions between the cations (Ru*") and anions (SO;7),
preventing incomplete redox reactions of RuO, NPs.*>?
Atomic force microscopy (AFM) was used to further
investigate the morphological features of PEDOT—PSS nano-
composites affected by the RuO, NPs and graphene sheets
(Figure 2). Compared with PEDOT:PSS (3.75S nm), the
PEDOT-G30 (5.05 nm) exhibited rough surfaces due to the
presence of graphene sheets (<S5 nm thick sheets) (Figure 2a—
c). Only a slight increase in the surface roughness should not
have a significant effect on the charge carrier mobility within
the nanostructures. However, the n—7 stacking between the
PEDOT:PSS and graphene sheets resulted in a higher charge-
carrier mobility within the nanocomposites.*>****~*>3! Upon
exposure to the electrolyte, this very small change in surface
roughness can increase the contact surface area available for
transporting electrons.”® The increase in surface roughness
(5.75 nm) induced by the RuO, NPs was relatively small, while
the RuO, NPs provided faster, facile redox reactions of the
PEDOT-G30 with the electrolyte (Figure 2d). Thus, it is
reasonable to assume that the graphene sheets and RuO, NPs

induced optimized morphologies to achieve better charge
transport within the nanocomposites.

Raman spectroscopy was used to confirm the chemical
bonding between PEDOT:PSS, graphene, and RuO, NPs
(Figure 3a). The spectrum of graphene indicated two
distinctive peaks: D mode (corresponding to structural defects
(1351 em™)) and G mode (related to the vibration of sp’
hybridized carbon (1598 cm™)).2%*%#274%46 The D/G ratio of
graphene was higher than that for nonreduced GO, suggesting
that the defects in the graphene sheets were caused by GO
reduction. In the spectrum of PEDOT:PSS, the major peaks for
PEDOT indicated SO, bending (436 cm™"), symmetric C—S—
C deformation (701 cm™"), oxyethylene ring deformation (575
and 987 cm™!), C—O—C deformation (1093 cm™), C—C
inter-ring stretching (1258 cm™'), single C—C stretching (1364
cm™'), C=C symmetrical stretching (1441 cm™'), C=C
asymmetrical stretching (1510 cm™'), and C=C antisym-
metrical stretching (1567 cm™").!%*>3%%~% The peaks of PSS
observed at 1001, 1133, and 1600 cm™* were assigned to the
vibration modes of C—C aromatic stretching, SO,, and
aromatic C—CH quadrant stretching, respectively.53 When
the graphene sheets were added to the PEDOT:PSS, the peaks
associated with C=C symmetric and C=C asymmetric
stretching in PEDOT:PSS became dominant, and the peak
associated with C=C symmetrical stretching shifted from 1441
to 1446 cm™'. These results suggest that the expanded-coil
conformation became dominant within the PEDOT-G30
structure through strong m—n interactions between the
PEDOT:PSS and graphene sheets.””**™* The structural
change of the PEDOT:PSS is expected to increase the -
conjugation lengths of delocalizing electrons along the
PEDOT:PSS backbone. When the RuO, NPs were incorpo-
rated into the PEDOT-G30, weak peaks at 513, 625, and 692
cm™, ascribed to hydrous RuO, with an amorphous structure,
were observed.*® Judging from these results, the PEDOT:PSS,
graphene sheets, and RuO, NPs coexisted and maintained their
individual electronic properties within the RuO,/PEDOT-G30
nanocomposite. Figure 3b shows X-ray diffraction (XRD)
patterns of graphene, PEDOT:PSS, PEDOT-G30, and RuO,/
PEDOT-G30 nanocomposites. In the spectrum of graphene, a
broad peak at 20 = 24.5° with an interlayer distance of 3.63 A
was observed, which is close to that of graphite (3.39 A)2>%S
Two distinctive peaks were observed at 20 = 18.0° (4.93 A) and
26.4° (3.38 A) for PEDOT:PSS, which were identical to the
distances associated with interchain packing of the pseudo-
orthorhombic crystal structure and the face-to-face interchain
stackings of thiophene rings, respectively.”>** After the addition
of PSS-coated graphene sheets into PEDOT:PSS, the character-
istic features of the graphene sheets became indistinguishable,
implying that the PSS-coated graphene sheets were highly
dispersible with the PEDOT:PSS.*> After the addition of RuO,
NPs into the PEDOT-G30 nanocomposite, no significant peaks
for crystalline RuO, were found, as opposed to the prominent
peaks that appeared in the spectrum of pure RuO, NPs in the
previous literature.*® Thus, these results revealed that the RuO,
NPs decorating the PEDOT-G30 nanocomposite were hydrous
and amorphous and are, thereby, known to have high electrical
and electrochemical properties.*®

X-ray photoelectron spectroscopy (XPS) was used to identify
the binding energy that reflects the elemental information on
the PEDOT:PSS-based nanocomposites. Figure 4a shows fully
scanned XPS patterns of PSS-coated graphene, PEDOT:PSS,
PEDOT-G30, RuO,, and RuO,/PEDOT-G30. The spectra of
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Figure 2. AFM images of (a) PEDOT:PSS, (b) graphene, (c) PEDOT-G30, and (d) RuO,/PEDOT-G30.
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Figure 3. (a) Raman spectra and (b) XRD patterns of graphene (red),

PEDOT:PSS (blue), PEDOT-G30 (green), and RuO,/PEDOT-G30
(olive green).

the PEDOT:PSS-based nanocomposites exhibited four peaks
located at 285, 533, 164, and 231 eV corresponding to C(1s),
O(1s), S(2p), and S(2s), respectively.’* In the XPS survey
spectrum of PSS-coated graphene, weak peaks were observed at
S(2p) (164 eV), S(2s) (231 eV), and N(1s) (400 eV). By
comparing the XPS spectra and elemental compositions of PSS,
graphene, and PSS-coated graphene, it was evident that the
peaks for S(2p) and S(2s) were attributed to the PSS, and the
N(1s) peak was observed in the spectrum of graphene
(Supporting Information, Figure S2 and Table S1). Therefore,
it can be considered that the graphene sheets have been
successfully reduced with hydrazine in the presence of PSS
molecules. The amounts of PSS attached on the graphene
surfaces were estimated using XPS elemental composition
(Supporting Information, Table S1). Considering that the
graphene does not contain any sulfur, sulfur content in the PSS-
coated graphene originates from the PSS.>” Therefore, we could
estimate the amount of PSS using eq 1:

S -coate: Ta] ene (%) . 00
PSS-coated graph 100% = =79% 100% = 3323%
Spss (%) 17.15%

(1)

where Spgg coated graphene a0d Spgs denote the sulfur contents of
PSS-coated graphene and PSS, respectively. The result means
that the 33.52% of sulfur is present on the graphene surface;
thereby, it is assumed that 33.52% of PSS was combined with
the graphene. In order to obtain more reliable results of the
elemental composition of PSS-coated graphene, the elemental
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Figure 4. (a) Fully scanned XPS patterns of PSS-coated graphene (red), PEDOT:PSS (blue), PEDOT-G30 (green), RuO, (olive green), and RuO,/
PEDOT-G30 (purple). (b—d) C(1s) core spectra of (b) PEDOT:PSS, (c) PEDOT-G30, and (d) RuO,/PEDOT-G30.

analysis of graphene, PSS, and PSS-coated graphene was further
carried out using a combustion elemental analyzer (Supporting
Information, Table S2). When the sulfur contents of PSS
(18.41%) and PSS-coated graphene (6.39%) obtained using the
combustion elemental analyzer were inserted into eq 1, the
amount of PSS present on the graphene surface was estimated
to be 34.7%. This result implies that the elemental composition
obtained using the combustion elemental analyzer is in close
accordance with the XPS results. The C content in the
PEDOT:PSS/graphene became higher than in the PE-
DOT:PSS due to the presence of PSS-coated graphene.>***7°
The peaks at Ru(4p) (44.5 eV), Ru(4s) (75.0 eV), Ru(3d)
(281.3 eV), Ru(3p) (463.0 and 485.0 V), and Ru(3s) (588.0
eV) appeared in the XPS spectrum of RuO, NPs. According to
a previous report, the binding energy of Ru(3ds,,) occurs at
280.1 eV, while, upon oxidation of Ru, the peak shifts to higher
binding energy (281.0 eV).”” Thus, the binding energy of
Ru(3d) (281.3 eV) corresponded to the binding energy of
Ru*', suggesting the successful formation of hydrous RuO,
NPs.**”” Furthermore, the peaks for the hydrous RuO, NPs
were also found in the XPS spectrum of RuO,/PEDOT-G30,
implying the presence of RuO, in PEDOT-G30. In addition,
the O content in the RuO,/PEDOT-G30 nanocomposite
became slightly higher than that of the PEDOT-G30
nanocomposite because of the presence of Ru—O in RuO,.
Figure 4b—d shows the C(1s) spectra of PEDOT:PSS,
PEDOT-G30, and RuO,/PEDOT-G30. When PSS-coated
graphene was added to PEDOT:PSS, the intensities of C—C
and C—S in the C(1s) spectrum were strengthened, which may
be related to the presence of graphene and PSS. In addition, all
peaks in the spectrum of PEDOT-G30 shifted slightly toward
higher binding energy levels. According to the previous
literature, these red shifts are related to the enhanced face-to-
face interchain stacking of thiophene rings within the
PEDOT:PSS structure through strong z—r intermolecular
interactions between the basal plane of the graphene sheets and
the thiophene rings of the PEDOT:PSS structure.””** The peak

for C—N originated from the presence of hydrazine in the
reduced graphene sheet. Moreover, further movement of C—C,
C—-0, C-S, and C=O0 peaks toward higher binding energy
was observed when hydrous RuO, NPs were added to PEDOT-
G30. This result implies that the carrier concentrations in the
graphene sheets can be enhanced by additional electrons from
PEDOT:PSS and hydrous RuO, NPs, resulting in a blue shift in
the Fermi level. %77 Thege results, taken as a whole,
suggest that the charge transport in the electrode material is
enhanced by the synergetic effects from PEDOT:PSS, graphene
sheets, and RuO, NPs.

Application in Supercapacitor. The electrode material is
required to be highly conductive to enhance the charge
collection capability of the capacitor.*™** In order to
understand the effects of DMSO on the conductivity of
PEDOT:PSS, the conductivity of PEDOT:PSS doped with
various loadings of DMSO (0—15 wt %) was investigated
(Supporting Information, Figures S3 and S4). In general, the
DMSO interacts with the PSS via hydrogen bonding
interactions, consequently reducing the electrostatic interac-
tions between the PEDOT and PSS (Supporting Information,
Figure $3).”® Therefore, the insulating layers of PSS
surrounding conductive grains of PEDOT became thinner,
and the average sizes of PEDOT became larger with increasing
DMSO loading.2_4’15’16’28’78’79 Meanwhile, the increased grain
sizes of PEDOT mean a longer average distance between
conductive grains; thus, the excess DMSO can reduce the
conductivity of PEDOT:PSS.” Although the optimal amounts
of DMSO for PEDOT:PSS have been reported differently from
a variety of research groups, the optimization of DMSO loading
has been an important factor for increasing the conductivity of
PEDOT.>"*!$1628787% (Jnder our experimental conditions, we
observed that the conductivity of PEDOT:PSS reaches the
maximum value (910 S cm™) at the DMSO loading of S wt %,
which is almost identical with the conductivity reported by
Heraeus (900 S cm™) (Supporting Information, Figure
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$4)."7'® Therefore, 5 wt % was chosen as an optimal amount
of DMSO to enhance the conductivity of PEDOT:PSS.

To identify the optimal amount of graphene sheets to
enhance the electrical and electrochemical properties of
PEDOT:PSS/graphene nanocomposites, various amounts of
graphene sheets (0—40 wt % in comparison with the
nanocomposites) were incorporated into PEDOT:PSS (Figure
S). Based on the data in the Supporting Information, Figure SS,

with § wt% DMSO

Conductivity (S ¢

0 5 10 15 20 25 30 35 40
graphene (wt%)

b) 20

Current (mA)
o

0.0 01 0.2 03 04 05 0.6 0.7 0.8

Voltage (V vs Ag/AgCl)
Figure S. (a) Conductivity of PEDOT:PSS/graphene nanocomposites
as a function of PSS-coated graphene content with 5 wt % DMSO and
without DMSO. (b) Cyclic voltammograms of PEDOT-G30 (with 30
wt % graphene) (red), PEDOT-G40 (with 40 wt % graphene) (blue),
PEDOT-G20 (with 20 wt % graphene) (green), PEDOT-GI10 (with
10 wt % graphene) (pink), PEDOT:PSS (purple), and graphene (olive
green) at a scan rate of 20 mV s™* in 0.5 M H,SO,.

the conductivity of the PEDOT:PSS/graphene nanocomposites
was measured (Figure Sa).**> The conductivity of PEDOT:PSS
(680 S cm™) used in our work was lower than the conductivity
measured in the Supporting Information, Figure S4, due to the
presence of PSS binders that were added to PEDOT:PSS for
the screen-printing process.lé_18 In comparison with PE-
DOT:PSS, the conductivity of PEDOT:PSS/graphene nano-
composites increased with the amount of graphene sheets, up
to 30 wt %. Specifically, we observed that the conductivity of
PEDOT-G30 increased 2-fold (1540 S cm™) compared with
PEDOT:PSS. These results suggest that the appropriate
amount of graphene sheets greatly enhanced the current
collection of the PEDOT:PSS-based nanocomposites. This
enhanced current collection may be attributed to strong 7—7n
stacking interactions between the aromatic structures of the
PEDOT:PSS and graphene sheets, which may have elongated
the conjugation lengths of transporting and hogping charge
carriers within the PEDOT:PSS structure.”>****~**>! How-
ever, the conductivity of PEDOT:PSS/graphene became
smaller after adding graphene sheets at contents that exceeded

30 wt %, implying that excessive amounts of graphene sheets
may induce aggregation, which, in turn, would degrade the
electrical performance of the electrode materials. Thus, this
content was chosen to enhance the conductivity of the
PEDOT:PSS nanostructure. Cyclic voltammetry (CV) studies
were also carried out to determine the optimum additive
graphene sheet content (Figure Sb and Supporting Informa-
tion, Figure S6). The anodic peaks ranging from 0.40 to 0.50 V
and the cathodic peaks ranging from 0.25 to 0.35 V in the CV
curves of PEDOT:PSS/graphene nanocomposites were as-
cribed to oxidization and reduction reactions, respectively,
given by

PEDOT"-PSS™ + e~ + H* (oxidized state)
S PEDOT?-PSS™-H* (reduced state) )

where e~ and H" denote the electron and proton in the H,SO,
electrolyte, respectively.”” With increasing amounts of graphene
sheets within the PEDOT:PSS, the pair of redox peaks became
indistinguishable and the shape of the CV curves became more
rectangular compared with PEDOT:PSS (Figure Sb). These
rectangular-shaped CV curves may be associated with the
electrochemical double-layer capacitance (EDLC) mechanism
of the graphene sheets. Furthermore, it was obvious that
PEDOT-G30, with 30 wt % graphene sheets, exhibited the
largest CV area among the prepared samples at every scan rate,
in accordance with the conductivity results (Supporting
Information, Figure S6). This implies that a sufficient amount
of 7-electrons in the graphene sheets promotes 7—7 stacking
interactions with the thiophene rings of PEDOT:PSS, resulting
in enhanced charge transfer in the PEDOT:PSS-based
nanocomposites with the H,SO, electrolyte.”>*®*~*5! The
electrochemical activity between the electrode material and
H,SO, decreased when the added graphene sheet content
exceeded 30 wt %, which may be related to the aggregation of
excessive amounts of graphene sheets. Considering the
conductivity and CV results, 30 wt % graphene sheets was
selected as the optimal amount for the PEDOT:PSS-based
nanocomposite.

To confirm the relationship between the morphological
characteristics and conductivity of the samples, the surface
resistance distribution for each 1 cm square pattern of the
PEDOT:PSS, PEDOT-G30, and RuO,/PEDOT-G30 electro-
des was further analyzed (Figure 6). The screen-printing
method provided good interplanar contact, and the surface
resistances decreased after the addition of graphene sheets to
the PEDOT:PSS structure (Figure 6ab). These results imply
that the restored graphitic network of sp> bonds played an
important role in enhancing the z-interactions between the
graphene sheets and PEDOT nanostructure, which eventually
extended the conjugation length of the PEDOT
chain.**%*17455! Hence, PEDOT-G30 and RuO,/PEDOT-
G30 nanocomposites could conduct more current at the
working electrode of the electrochemical capacitor, which is an
important factor for obtaining high specific capacitances. After
the addition of infinitesimal amounts of RuO, NPs, a slight
decrease in the surface resistance was observed (Figure 6c).
Based on the data, the conductivity of RuO,/PEDOT-G30 was
1570 S cm™', which was slightly larger than that of PEDOT-
G30 (1540 S cm™"). This may suggest that the hydrous RuO,
NPs used in our method have metallic conductivity, as reported
by a previous paper in the literature (107> Q c¢m).*°
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Figure 6. Distribution of surface resistances of (a) PEDOT:PSS, (b) PEDOT-G30, and (c) RuO,/PEDOT-G30.

The CVs of PEDOT:PSS, graphene, RuO,, RuO,-G50
(RuO, with 50 wt % graphene), PEDOT:PSS/PEDOT-G30,
and RuO,/PEDOT-G30 were measured in a 0.5 M H,SO,
electrolyte at scan rates of 20 mV s™' (Figure 7a). In
comparison with the CV curve of the PEDOT:PSS/graphene
nanocomposite, a pair of very pronounced and reversible redox
peaks are observed for RuO,, RuO,-G50, and RuO,/PEDOT-
G30 nanocomposite at every scan rate (Supporting Informa-
tion, Figure S7). In the CV curve of RuO,, the anodic peaks
ranging from 0.40 to 0.75 V and the cathodic peaks ranging
from 0.26 to 0.62 V were ascribed to oxidization and reduction
reactions, respectively, given by

RuO, + 2¢” + 2H" (oxidized state)

5 Ru(OH), (reduced state) (3)
where e~ and H" indicate the electron and proton in the H,SO,
electrolyte, respectively.”>”> The CV area became larger in the
following order: graphene < PEDOT:PSS < PEDOT-G30 <
RuO,-G50 < RuO,/PEDOT-G30 < RuO,. These results
indicate that hydrous RuO, NPs are redox-active, capable of
faradaic energy storage via their pseudocapacitive behavior.*
Thus, the RuO, NPs enabled faster oxidation/reduction
reactions and charge transport into/out of the electrode,
resulting in enhanced charge—discharge performance and larger

10220

specific capacitances of the samples. Hence, the synergetic
effects from PEDOT:PSS, graphene sheets, and RuO, NPs
delivered the expected enhancement in electrochemical
performance. Figure 7b shows the galvanostatic charge—
discharge curves of RuO,, RuO,/PEDOT-G30, RuO,-G50,
PEDOT-G30, and PEDOT:PSS at a current density of 0.5 A
g~! over the voltage range of 0—0.8 V. The linear voltage—time
profile and the highly symmetric charge—discharge character-
istics imply facile redox reactions and charge transport into/out
of the PEDOT:PSS-based nanocomposites during the charge/
discharge process. The discharge time of the nanocomposites
(given in seconds (s)) increased in the following order:
graphene (542) < PEDOT:PSS (936) < PEDOT-G30 (2525)
< Ru0,-G50 (3490) < RuO,/PEDOT-G30 (3936) < RuO,
(4641); these discharge times were proportional to the specific
capacitances of the PEDOT:PSS-based nanocomposites. The
specific capacitances were 967, 820, 727, 526, 195, and 113 F
g™! for RuO,, RuO,/PEDOT-G30, Ru0,-G50, PEDOT-G30,
PEDOT:PSS, and graphene nanocomposites respectively, at a
current density of 0.5 A g~' (Figure 7c). The discharge time
and specific capacitances of graphene, PEDOT-G30, RuO,-
G50, and RuO,/PEDOT-G30 gradually decreased with
increasing current density, whereas PEDOT:PSS and RuO,
exhibited a rapid decrease in its specific capacitance when
higher currents were applied (Figure 7c and Supporting
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Figure 7. (a) Cyclic voltammograms at 20 mV s~
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in 0.5 M H,SO, electrolyte. (b) Galvanostatic charge—discharge characteristics at a current

density of 0.5 A g™". (c) Specific capacitances (SCs) at different current densities (0.5—8.0 A g™'). (d) Electrochemical impedance spectra (EIS) in
the frequency range from 100 kHz to 10 mHz of RuO, (red), RuO,/PEDOT-G30 (blue), RuO,-GS0 (green), PEDOT-G30 (pink), PEDOT:PSS

(purple), and graphene (olive green).

Information, Figure S8). At the inner active sites of the
electrodes, it became difficult to sustain the redox reactions
completely at higher current densities, resulting in a reduction
in the electrochemical performance of the electrodes.”?>>*~*
In addition, pseudocapacitive materials, including PEDOT:PSS
and RuO, NPs, usually provide slower ion diffusions than the
graphene sheets do, which causes difficulty for the PEDOT
NPs and RuO, NPs to continue appropriate redox reactions at
higher current densities.””****”>~7* This implies that the
graphene sheet incorporated electrodes have a better rate
performance than PEDOT:PSS and RuO, due to the enhanced
chemical and mechanical stability provided by the graphene
sheets in maintaining the redox reactions at higher current
densities.”> Consequently, the synergistic effects from the RuO,
NPs, PEDOT:PSS nanostructures, and graphene sheets led to
higher specific capacitances, which were consistent with
enhanced electrochemical performances. To further identify
the beneficial effects of the graphene sheets and the RuO, NPs
on the charge transport within the ternary electrode system,
series (R;) and charge transfer resistances (R.) were measured
using electrochemical impedance spectroscopy (EIS) (Figure
7d). The Nyquist impedance plots consisted of semicircular
curves for high frequencies and linear curves for low
frequencies.”” In particular, the DMSO-induced PEDOT:PSS
exhibited lower R; and R, than the graphene sheets and RuO,
NPs did. This indicates that the phase separation and uniform
distribution of PEDOT and PSS in the PEDOT:PSS could be
successfully achieved through the addition of DMSO, resulting
in better charge transfer of the PEDOT:PSS.>** As mentioned
above, the low-rate capability of the RuO, NPs in Figure 7c is
also ascribed to its high R, Importantly, binary or ternary
electrode systems, such as RuO,/PEDOT-G30, PEDOT-G30,

and RuO,-G50, were more effective for lowering Ry and R,
compared with one-component electrodes, including RuO,,
graphene, and PEDOT:PSS. The size of the semicircle and R,
significantly decreased after the addition of the graphene sheets
and RuO, NPs, which was consistent with the CV test results.
Moreover, the EIS results indicated that the ideal combination
of PEDOT:PSS, RuO, NPs, and graphene sheets improved the
interfacial charge transfer within the nanocomposite, which
could lead to a better capacitive performance for electro-
chemical capacitors.

To examine the practical applicability of the RuO,/PEDOT-
G30 nanocomposites, Ragone plots of different electrode
systems are shown in Figure 8. The energy density (Wh kg™")
of samples at the power density of 67 W kg™' increased in the

100

80

60

40

20

Energy density (Wh kg™)

Becamern i e A s e

0 200 400 600 800 1000 1200
Power density (W kg™)

Figure 8. Ragone plot of electrochemical cells containing different
electrodes: RuO, (red), RuO,/PEDOT-G30 (blue), RuO,-GS0
(green), PEDOT-G30 (pink), PEDOT:PSS (purple), and graphene
(olive green).
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following order: graphene (10) < PEDOT:PSS (17) <
PEDOT-G30 (47) < RuO,-G50 (65) < RuO,/PEDOT-G30
(73) < RuO, (86). Although the highest energy density was
achieved by using RuO, NPs (86 Wh kg™' at 67 W kg™'), the
energy density of RuO, rapidly decreased with increasing
power density. On the other hand, the energy density of the
RuO,/PEDOT-G30 was highly preserved at higher power
densities, and its energy density was the highest among the
samples at power densities of 133, 266, 533, and 1067 W kg™".
These results suggest that the RuO,/PEDOT-G30 benefits
from the advantages of each component: (1) RuO, can store
more energy than the graphene and PEDOT:PSS because of its
excellent redox behaviors. (2) PEDOT:PSS prevented RuO,
NPs from aggregating and detaching from the substrate
through the electrostatic interactions between PSS and Ru**
cations. (3) The graphene provides razpid sorption and
desorption of ions at the electrode surfaces,”®>%3%42~#44672-76

The cycling stabilities of the electrochemical capacitors based
on the RuO,/PEDOT-G30, PEDOT-G30, and PEDOT:PSS
were measured with galvanostatic charge—discharge cycles at a
current density of 0.5 A g~' (Figure 9). After 1000 such cycles,
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Figure 9. Long-term cycling stability of electrochemical capacitors
containing RuO,, RuO,/PEDOT-G30, RuO,-G50, PEDOT-G30,
PEDOT:PSS, and graphene: (a) specific capacitance and (b) retention
rate upon completion of 1000 cycles.

the specific capacitances of the RuO,/PEDOT-G30, RuO,-
GS0, RuO,, PEDOT-G30, graphene, and PEDOT:PSS nano-
composites decreased to 668, 574, 469, 422, 98, and 95 F g_l,
respectively, from their initial specific capacitances (Figure 9a).
The retention rate of the nanocomposites (given in %)
increased in the following order: RuO, (48.5) < PEDOT:PSS
(50.2) < Ru0,-G50 (79.0) < PEDOT-G30 (80.3) < RuO,/
PEDOT-G30 (81.5) < graphene (84.2) (Figure 9b). Despite
their high capacitance and energy density, the RuO, NPs
exhibited the lowest retention rate among the samples due to
their breaking and detaching from the PET sub-

strate.””?%*#~*7% Byurthermore, PEDOT usually suffers from
degradation and shrinkage upon exposure to electrolyte during
the repeated cycles.””>””> These results indicated that the
graphene sheets with high chemical and mechanical stabilities,
and high flexibility, prevented the PEDOT:PSS and RuO,
nanostructures from breaking, shrinking, and collapsing upon
repeated cycling. >~ **%7* Additionally, it can be assumed that
the improved dispersion of the graphene sheets and hydrous
RuO, NPs through the electrostatic interactions with anions of
the PSS resulted in better cyclinég gerformance of the RuO,/
PEDOT-G30 nanocomposite.””**

Overall performances of state-of-art electrodes and our work
are summarized in radar plots (Figure 10).*® Our work has
shown higher capacitance, energy density, and electrical
conductivity than the other conducting polymer-based super-
capacitors.*>**’*7% In particular, the capacitance of RuO,/
PEDOT-G30 (820 F g™') was more than 4 times higher than
that of the SnO,/graphene/PEDOT ternary electrode (184 F
g™'). Compared with previous work, the improved electro-
chemical performances of this work can be attributed to two
advantages: (1) The PSS played an important role to promote
the effective utilizations of three different components,
including PEDOT:PSS, RuO,, and graphene, by allowing
electrostatic stabilization interactions with each compo-
nent.””**** (2) Morphological homogeneity of electrode
materials could be achieved by a screen-printing method,
which allows high connectivity between PEDOT:PSS chains
and uniform distribution of each component, including

PEDOT:PSS, graphene, and RuO,, in the nanocompo-
. 93637
sites.””

B CONCLUSIONS

The present work describes an efficient way to obtain highly
defined electrode patterns for use as high-performance
electrochemical capacitors by magnifying the synergetic effects
from PEDOT:PSS, graphene, and RuO, NPs in an aqueous
phase. The graphene sheets (size 2—10 pm) were readily
reduced in the presence of high-molecular-weight PSS, and
greatly enhanced the charge-transport properties of electrode
materials through strong 7—7 stacking interactions with the
PEDOT:PSS structure. The RuO, NPs (diameter ~5 nm) were
also highly dispersible in the PEDOT:PSS/graphene system,
and acted as efficient catalysts to facilitate redox reactions with
the protons (H*) of the H,SO, electrolyte. Experimental data
obtained from various characterizations, such as the four-probe
method, Raman spectroscopy, and the XRD, XPS, CV, and EIS
techniques, demonstrated that the charge transport and
electrochemical properties had significantly improved through
the synergetic effects of the three components: PEDOT:PSS,
graphene, and hydrous RuO,. The solution-processed RuO,/
PEDOT:PSS/graphene electrode system exhibited a conduc-
tivity of 1570 S cm™, a specific capacitance of 820 F g™" at a
current density of 0.5 A g, and an energy density of 73 Wh
kg'™ at a power density of 67 W kg™'. Moreover, the RuO,/
PEDOT:PSS/graphene-based capacitor showed improved
cycling (81.5% after 1000 cycles) and rate performance. Such
improvements were highly correlated with the synergetic effects
of the PEDOT:PSS, graphene, and hydrous RuO, NPs. The
procedure described herein can be used as an efficient means to
produce highly conductive, electrochemically active electrode
patterns for use as electrode materials in various energetic and
environmental applications, such as solar cells, batteries,
chemical sensors, and thin-film transistors.
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Figure 10. Radar plot to compare the present work with four supercapacitors cited from refs 42, 46, 74, and 75. Red, blue, green, pink, and purple
curves are generated by connecting data points from supercapacitors using RuO,/PEDOT-G30 (this work), RuO,/graphene, PANI/carbon hollow

nanoparticle, graphene/SnO,/PEDOT, and RGO—PEDOT, respectively.

B EXPERIMENTAL SECTION

Materials. PEDOT:PSS solution (Clevios PH1000) was obtained
from Heraeus Precious Metals GmbH & Co. (Leverkusen, Germany).
The solid content and PEDOT to PSS ratio of the PH 1000 solution
was 1—1.3% and 1:2.5 by weight, respectively. 4-Styrenesulfonic acid
(4-SS), 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH),
natural flake graphite, sodium nitrate (NaNO;, 99%), hydrazine
monohydrate (N,H,-H,0, 98%), and ruthenium(III) chloride hydrate
(RuClynH,0, reagent plus) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Potassium permanganate (KMnO,, 99.3%) and
phosphorus pentoxide (P,Oy, extra pure) were purchased from Junsei
Chemical Co. (Tokyo, Japan). Potassium persulfate (K,S,05 99%)
was purchased from Kanto Chemical Co. (Tokyo, Japan). Dimethyl
sulfoxide (DMSO, 98%), sulfuric acid (H,SO,, 95%), sodium
hydroxide (NaOH, 99%), sodium chloride (NaCl, 99%), hydrogen
peroxide (H,0,, 30—35.5%), and hydrochloric acid (HCl, 35—37%)
were purchased from Samchun (Seoul, Korea).

Synthesis of PSS Solution. 4-Styrenesulfonic acid (4-styrene-
sulfonic acid:distilled water = 30:70 by weight) was added into distilled
water with vigorous stirring at 45 °C for 1 h. Polymerization of 4-
styrenesulfonic acid was conducted by adding AAPH (0.03 mg mL ™"
in distilled water) at 45 °C for 12 h in a N, atmosphere. Weight-
average molecular weight (M,,) of PSS was calculated using the GPC
method, and the M,, of PSS was as high as 1.96 X 10° Da.

Synthesis of Hydrous RuO, NPs. Hydrous RuO, NPs were
synthesized according to the sol—gel method given as RuCl; +
3NaOH — 3Ru(OH); + 3NaCL***’ To balance the pH to 7, 1 M
NaOH solution was added into 100 mL of 0.1 M RuCl; with vigorous

stirring for 1 h at 25 °C. The mixed solution was continuously stirred
for 12 h, and then washed and centrifuged with distilled water several
times to remove residual NaCl salts. The washed sample was dried at
150 °C for 12 h. The dried RuO, NPs were redispersed in distilled
water by using an ultrasonicator (VCX 500, Sonics & Materials. Inc.
USA) for 3 h in an ice bath. In the sample, the density of RuO, NPs in
the distilled water was about 5 mg mL™". For further evaluation of the
RuO,-based electrode systems without PEDOT:PSS, two different
electrode systems, including RuO, and RuO,/graphene, have been
prepared. To fabricate RuO, electrode for screen-printing, the RuO,
solution (RuO, solution:PSS solution = 50:50 by weight) was poured
into PSS solution and vigorously stirred for 2 h. As-prepared solution
was sonochemically treated for 1 h to improve the dispersion of RuO,
NPs in the PSS solution. RuO,/graphene solution for screen-printing
was prepared by adding PSS-coated graphene (PSS-coated graphe-
ne:RuO, solution = 50:50 by weight) into the RuO, solution with
vigorous stirring and sonochemical treatment. As-prepared RuO, and
RuO,/graphene solutions were deposited onto the PET substrates via
the screen-printing method.

Synthesis of PSS-Coated Graphene. Water-dispersible graphene
sheets were prepared by using modified Hummers and Ruoff methods
in the presence of synthesized PSS.*® Preoxidation of natural graphite
powders was carried out by dissolving S g of natural graphite powder,
2.5 g of P,0s, and 2.5 g of K,S,054 in 30 mL of H,SO,, and the mixed
solution was heated at 80 °C for 6 h. The solution was filtered and
washed using a cellulose acetate filter (Whatmann Inc.,, USA) with
excess distilled water. The remaining powder was dried in a vacuum
oven at 25 °C for 24 h. A 2.5 g sample of NaNO; was dissolved in 120
mL of H,SO, solution, followed by addition of preoxidized graphite,
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and the solution was vigorously stirred for 0.5 h in an ice bath. A 15.0 g
sample of KMnO, was slowly introduced into the solution within 45
min at a temperature lower than 20 °C, and the solution was heated at
35 °C for 4 h to obtain a brownish gray paste. In the next step, 600 mL
of distilled water was slowly poured into into the solution, followed by
the addition of 25 mL of H,0, solution, and the color of the paste
turned a bright yellow. The bright yellow solution was washed with S
wt % HCI and distilled water several times to balance the pH of
solution to 7, followed by sonochemical treatment to exfoliate
graphitic oxide into graphene oxide. Then the solution was centrifuged
at 6000 rpm for 40 min to exclude residue. As-prepared graphene
oxide (GO) solution was dried in a vacuum oven at 40 °C for 24 h.
The dried GO was poured into the diluted PSS solution (1 mg mL™"
in distilled water, 3/1 w/w vs GO) with vigorous stirring, and the
density of GO in the resulting solution was about 0.3 mg mL™". After
dispersion of the GO powders into the PSS solution, hydrazine
monohydrate (1/1000 v/v vs distilled water), a reducing agent, was
added to the mixed solution with vigorous stirring at 95 °C for 1 h.
After the reduction process in the presence of PSS, the PSS-coated
reduced graphene oxide (RGO) solution was filtered using excess
distilled water and dried in a vacuum oven at 25 °C for 24 h. As a
result, water-dispersible and PSS-coated RGO powders were obtained.

Synthesis of RuO,/PEDOT:PSS/Graphene. DMSO (DMSO:-
PEDOT:PSS = 5:95 by weight) was added into PEDOT:PSS solution
and followed by addition of the PSS-coated RGO (PSS-coated
RGO:DMSO-PEDOT:PSS = 30:70 by weight) with vigorous stirring
and sonochemical treatment. The synthesized PSS (30 wt % with
respect to distilled water, 1/S v/v vs PEDOT:PSS) was further
introduced into the DMSO-PEDOT:PSS solution with vigorous
stirring and sonochemical treatment. For comparison, screen-printable
ink based on the PEDOT:PSS and graphene sheets were also prepared
by the same procedure without the other components. In the next
step, hydrous RuO, NPs (5 mg mL ™" in distilled water, 1/10 w/w vs
PEDOT:PSS/graphene) were added into the PEDOT:PSS/graphene
solution with vigorous stirring and sonochemical treatment. RuO,/
PEDOT:PSS/graphene electrodes with a 1 cm square pattern were
deposited on flexible poly(ethylene terephthalate) (PET) substrates by
a screen-printing machine (SM-S$320, Sun Mechanix Co. Seoul,
Korea) using as-prepared RuO,/PEDOT:PSS/graphene solutions.
The electrode thicknesses were adjusted by the number of screen-
printings, which also adjust the mass of screen-printed electrode. Ten
times of screen-printing were conducted to form a pattern having a
thickness of about 5.0 ym and an electrode mass of 3 mg. As-prepared
screen-printed patterns were placed on the hot plate and dried at 100
°C on for 10 min.

Electrochemical Measurements. For the evaluation of electro-
chemical characteristics on the samples, cyclic voltammetry (CV) and
galvanostatic charge/discharge measurements were observed in 1 M
H,SO, electrolyte solution using a WBCS 3000 potentiostat/
galvanostat (Wonatech, Korea). Screen-printed electrodes, 1 cm
square patterns deposited on PET substrates, served as working
electrodes, and a platinum wire (CH Instruments, Inc, USA) was
utilized as a counter electrode. Ag/AgCl in saturated KCI solution was
used as a reference electrode. Cyclic voltammograms (CVs) of screen-
printed electrodes were measured from 0 and 0.8 V at various scan
rates (10, 20, and 50 mV s7'). Galvanostatic charge/discharge
experiments were performed by cycling the potential from 0 to 0.8
V at various current densities (0.5-8.0 A g7'). Mass specific
capacitances (C,’s) of electrochemical cells were calculated using
the equation C,, (F g_l) = IAt/mAV, where I, At, m, and AV denote
the constant discharge current, discharge time, mass of a thin film, and
voltage drop upon discharge, respectively.>> The energy density of
each sample was calculated by using the equation E (Wh kg™') =
C.(AV)?/2, where C,, and AV denote the mass capacitance of each
sample and voltage drop upon discharge, respectively.*® The power
density of each sample was estimated using the equation P (W kg™!) =
E/t, where E and t denote the energy density and discharge time of
each sample, respectively.”* Electrochemical impedance spectra (EIS)
of the electrochemical cells were acquired in the frequency range of

100 kHz to 0.01 Hz using a ZIVE SP2 impedance analyzer
(WonATech, Korea).

Instrumental Analyses. Surface images of the screen-printed
electrodes were acquired with a field-emission scanning electron
microscope (FE-SEM, JSM-6701F, JEOL, Japan) and an atomic force
microscope (AFM; Innova SPM, Vecco, USA). Microscopic images of
the graphene sheets and RuO, NPs were obtained with a transmission
electron microscope (TEM; LIBRA 120, Carl Zeiss, Germany).
Elemental analysis of graphene, PSS, and PSS-coated graphene was
done using an X-ray photoelectron spectrometer (XPS; AXIS-His,
Kratos/Shimadzu, Kyoto, Japan) and combustion elemental analyzer
(Flash 2000 Analyzer, Thermo Scientific Inc., USA). The conductivity
of nanocomposites (defined as ¢ (S em™) = 1/p = (In 2/xt)(1/R),
where p is the static resistivity, R is the surface resistance, and ¢ is the
thickness of the electrode material) was measured using a four-point
probe system (Mode Systems Co., Korea) equipped with a current-
source meter (Keithley 2400, Keithley Co., USA).>* The surface
resistance distribution for each 1 cm square sample pattern of the
samples was investigated to obtain reliable conductivity values for the
samples. It was notable that every sample exhibited a narrow surface
resistance distribution. This indicated that the highly uniform thin
films could be deposited onto flexible PET substrates using the screen-
printing method, resulting in enhanced connectivity between the
conductive areas within the PEDOT:PSS thin films. X-ray diffracto-
grams (XRDs) were measured with a SmartLab X-ray diffractometer
(Rigaku Co., Tokyo, Japan). Raman spectra were measured on T6
(Horiba-Jobin Yvon Co., Tokyo, Japan) spectrometer. The M,, value
of PSS was measured by using an EcoSEC gel permeation
chromatography (GPC) system (HLC-8320; Tosoh Co. Tokyo,
Japan) with commercially available narrow molecular weight PSS
samples as standards.
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