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Binderfree self-assembled 3D architecture electrodes have been fabricated by a novel
convenient method. Liquid crystalline graphene oxide was used as precursor to interact
with poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) (PEDOT.PSS) in dispersion
in order to form a conductive polymer entrapped, self-assembled layerby-layer structure.
This advanced network containing PEDOT.PSS enabled us to ascribe the superior elec-
trochemical properties of particular graphene sheets. This layerby-layer self-assembled
3D architecture of best performing composite (reduced graphene oxide—PEDOT:PSS 25)
showed excellent electrochemical performance of 434 F g~ through chemical treatment.
To highlight these advances, we further explored the practicality of the as-prepared elec-
trode by varying the composite material content. An asymmetric supercapacitor device
using aqueous electrolyte was also studied of this same composite. The resulting per
formance from this set up included a specific capacitance of 132Fg~". Above all, we
observed an increase in specific capacitance (19%) with increase in cycle life emphasizing
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INTRODUCTION

Supercapacitors are advanced electrochemical devices, which have
drawn great attention over the previous decade as a modern
energy storage structure with high power density, superior charg-
ing/discharging processes, low maintenance costs, and long dura-
bility (Simon and Gogotsi, 2008). Formation of an electrical dou-
ble layer (EDL) between opposite charged electrodes is the basic
charge storage mechanism of supercapacitors, which is typically
supported by the large specific surface area of carbon materials. A
wide range of carbonaceous materials (including graphene) have
drawn great attention as electrode materials for supercapacitors
(Hao et al., 2013).

Graphene oxide is a promising electrode material with superior
physical and promising electrochemical properties (Chen et al.,
2013; Tan and Lee, 2013). Facile restacking of reduced graphene
oxide sheets through van der Waals interaction results agglomer-
ation and the performances are significantly worse than expected
(Liu et al., 2010). Tuning of the dimensions and assembled struc-
tures of graphene oxide is a key route to enhance its performance,
and among them, three-dimensional (3D) structures have been
widely explored (Chen et al., 2011; Choi et al., 2012; Liu et al,,
20125 Xu et al., 2013b). Recently, amphiphilic liquid crystalline
graphene oxide (LC GO) has been widely reported to intro-
duce a new perspective into self-assembly of graphene materials
(Aboutalebi et al., 2011b, 2014b; Kim et al., 2011; Chidembo et al.,
2013; Jalili et al., 2013; Maiti et al., 2014; Shen et al., 2014). The
amphiphilicity and self-assembly properties are more pronounced
in the case where ultra-large GO sheets have been utilized to
prepare LC GO dispersions in both water and organic solvents

the excellent stability of this device.
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(Aboutalebi et al., 2011b; Jalili et al., 2013). The application of
LC GO dispersion for fabrication enables the formation of a
layer-by-layer self-assembled 3D architecture that leads to bet-
ter electrochemical properties (Aboutalebi et al., 2011a, 2014a;
Jalili et al., 2013). Facile restacking of graphene sheets hinders
the otherwise high effective surface area of ultra-large LC GO
sheets (2000 m?> mL™!) (Aboutalebi et al., 2011b). It is diffi-
cult, however, to observe the intrinsic capacitance of individual
graphene sheets, which determine the observed capacitance of
this layer-by-layer self-assembled graphene electrode and also the
EDL between electrode—electrolyte interfaces. Different methods
and various materials, such as metal oxide nanoparticles, organic
molecules, carbon nanorods, and especially, conducting polymers
(CPs) have been widely used to fabricate graphene nanocompos-
ites with enhanced properties (Bai et al., 2011; Wu et al., 2012;
Tan and Lee, 2013; Xu et al., 2013a). Chemical reduction is one
of the best ways to amplify the electrochemical performance of
GO, is called reduced graphene oxide (rGO). Among the various
reducing agents, ascorbic acid (vitamin C) is an ideal substitute
due to its economic feasibility and environmental non-toxicity
(Ferndandez-Merino et al., 2010).

Conducting polymers are promising organic electrode mate-
rials for supercapacitor applications with excellent electrical con-
ductivity and facile redox capability. Due to the slow diffusion
effect of electrolyte ions, however, CP dominated supercapacitors
showed insufficient power performance and volumetric variations
during cycling due to failure of the electrode structure caused
by fast charge/discharge (Snook et al., 2011; Sun and Shi, 2013).
Despite these issues, CPs have become attractive as a secondary
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component in supercapacitor electrodes, such as a surface coat-
ing on electric double layer capacitor (EDLC) materials (i.e.,
graphene) (Wang et al., 2012). Graphene—CP composites provide
excellent performance as electrode materials, but they are com-
mercially and environmentally incompatible with the roll-to-roll,
large-scale electrode manufacturing processes. Most graphene—CP
composites that are applicable in supercapacitors are powdery and
need a binder prior to electrode preparation (Li et al., 2013). Bind-
ing compounds not only make the procedure more complex but
also hinder the electrical conductivity and waste energy. Thus, the
most suitable way is to find a way to use the CP in supercapacitors
both as a binder and as a capacity enhancer.
Poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is a polymer mixture of p-type doped conju-
gated PEDOT polymer, carrying positive charges, and PSS, con-
taining sulfonyl groups to serve as “counter-ions” to PEDOT.
Commercially available PEDOT:PSS dry pellets are easily dis-
persible in aqueous solution and suitable for thin-film formation.
PEDOT:PSS also has very good binding capability with metal
current collectors. Owing to its very high conductivity, aqueous
dispersibility, processing simplicity, and atmospheric stability as a
charged organic backbone, PEDOT:PSS has been widely used as
a conductive electrode for flexible electronic and optoelectronic
devices (Lee et al., 2013; Fan et al., 2014; Yoo et al., 2014). With the
advantage of being environmentally benign, PEDOT:PSS can be a
very good supercapacitor electrode material candidate compared
with other CPs such as polyaniline or polypyrrole. Nevertheless,
PEDOT:PSS-rich supercapacitor electrodes have so far exhibited
very limited capacitance (<100 F g-!), limited power performance,
and finite mass loading (Antiohosetal.,2011; Weng and Wu, 2013).
As the energy device performance is determined by the electrode
active component, it is crucial to engineer hierarchical architec-
tures to provide both binding capability and proper mass loading.
In the present study, we followed a very convenient one-step
method to fabricate a layer-by-layer self-assembled 3D architec-
ture of graphene—CP composite for supercapacitor application by
using LC GO precursor. After consideration of the environmental
issues and atmospheric stability, PEDOT:PSS was chosen as a CP to
uniformly coat the liquid crystalline large graphene oxide sheets,
while simultaneously maintaining interlayer spacing between the
graphene sheets. PEDOT:PSS not only acts as a spacing agent
between graphene oxide sheets, but the excess polymer layer plays
avital role as a binding agent, providing satisfactory active material
mass loading on the electrode substrate with promising electro-
chemical performance. Chemical modification of the as-prepared
GO-PEDOT:PSS composite electrodes is the key to preserve the
large sheet size, even after the reduction of GO. The chemically
reduced binder-free GO-PEDOT:PSS composite electrode hav-
ing less conductive polymer (PEDOT:PSS) content exhibits an
enhanced capacitance of 121 F g~ !/electrode at a discharge current
of 0.25A ¢! in a real asymmetric supercapacitor (ASC) device.
Moreover, all the composite electrodes present outstanding cycling
performance with excellent electrical conductivity. By considering
the simplicity of fabrication and excellent electrochemical per-
formance with practical composite material mass loading, it is
clear that the as-prepared composite possesses great potential as
large-scale electrode assembly for supercapacitor applications.

EXPERIMENTAL

LC GO SYNTHESIS

The procedure for the synthesis of graphene oxide liquid crystals is
based on our previously reported method (Aboutalebietal.,2011b;
Jalili et al., 2013). Orgacon™ DRY re-dispersible PEDOT:PSS pel-
lets (produced by Agfa), activated carbon (AC), PVDE, vitamin
C, and ethanol were purchased from Sigma-Aldrich and used as
supplied.

PREPARATION OF COMPOSITE ELECTRODE

The preparation of LC GO/PEDOT:PSS composite dispersion and
self-assembled 3D architecture electrodes is illustrated in Figure 1.
A given amount of PEDOT:PSS was added into 50 mL of diluted
LC GO dispersion in water with a mass ratio of 25, 50, and 75%,
with the products denoted as GO-PP 25, GO-PP 50,and GO-PP 75,
respectively. PEDOT:PSS was easily dispersed and able to adsorb
on GO sheets to form a coating. The polymer-containing disper-
sion GO-PP 25, 50, and 75 were then dried for 24, 30, and 36 h,
respectively, under continuous stirring at room temperature until
it formed a viscous paste. The working electrode was prepared by
painting the GO-PP composite on titanium sheets (2 cm x 1 cm)
for testing in a three-electrode system, composite material also
spread on a circular stainless steel substrate of 15 mm diameter for
testing in an asymmetric device as cathode and allowed to dry at
room temperature. AC was mixed with PVDF at a mass ratio of
75:25 to prepare anode for the asymmetric device. Deoxygenation
of the GO content was conducted by treating the samples with
required amount (10 mL) of 0.1 M vitamin C solution at 80 °C for
12 h. The treated electrodes were washed with ethanol and dried
in a vacuum oven. The final loading of the composite material for
each electrode was varied from 0.5 to 4mgcm™2 and thickness
ranges from 2 to 18 pm. Free-standing GO-PP composite paper
was cast on a Teflon mold at room temperature. The PEDOT:PSS
coated graphene oxide and reduced graphene oxide composites
are designated as GO-PP and rGO-PP, respectively.

The morphology of the composite samples was studied by field
emission scanning electron microscopy (FE-SEM) (JEOL JSM-
7500FA), and high-resolution transmission electron microscopy
(HR-TEM) was performed on a JEOL F3000 instrument. Sec-
tioned piece of rGO-PP composite film was mounted on sample
holder with carbon tape for FE-SEM analysis. The rGO-PP film
was ground lightly with ethanol in a mortar and pestle to disperse
it. The grid was then dipped in the suspension, allowed to dry,
and examined in the TEM. X-ray diffraction (XRD) experiments
were performed using a XRD system (GBC MMA) employing Cu
Ko radiation (X-ray wavelength )\ = 1.5406 A, with operation at
40keV and a cathode current of 20 mA). Optical absorbance was
measured on an ultraviolet—visible (UV-VIS) spectrometer (Shi-
madzu, UV-3600 UV-VIS-NIR), and Fourier transform infrared
(FT-IR) spectra were collected on an AIM-8800 (Shimadzu, Japan)
infrared spectrophotometer with the KBr pellet technique. X-ray
photoelectron spectroscopy (XPS, PHOIBOS 100 hemispherical
analyzer, and SPECS GmbH) was conducted with pass energy
of 26.00 eV, 45° take-off angle, and a beam size of 100 mm. The
birefringence behavior of the LC GO and LC GO-PEDOT:PSS
dispersions was examined by polarized optical microscopy (POM
and Leica CTR 6000), operated in transmission mode to examine
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FIGURE 1 | Schematic illustration of preparation of binder-free electrodes: (A) LC GO, (B) PEDOT:PSS, (C) GO-PP composite, and (D) binder-free

a drop of dispersion on a glass slide. The conductivity of the
free-standing composite papers was measured using a four-point
probe resistivity system with a linear four-point probe head. Elec-
trochemical experiments were performed on a VMP3 Bio-Logic
electrochemical workstation using the three-electrode configura-
tion in a beaker-type cell. An electrolyte solution of 1 M H,SOy,
an AglAgCl reference electrode, and a platinum foil counter elec-
trode were used. An aqueous ASC was assembled in an ECC-Std
electrochemical test cell (EL-cell) with two gold current collectors
(15 mm in diameter) and a glass fiber separator.

RESULTS AND DISCUSSION

STRUCTURAL CHARACTERIZATION

Liquid crystalline ultra-large GO sheets are amphiphilic in nature,
which therefore makes them an ideal candidate as a water
processable material (Aboutalebi et al., 2011a). The basal plane of
LC GO is very suitable for holding functional groups of conductive
polymer through m—m interactions. Aggregation of reduced GO

sheets is an obstacle to the formation of a homogeneous conduc-
tive polymer coating on the reduced GO sheet surface in aqueous
solution (Kuilla et al., 2010). Highly dispersible ultra-large LC GO
is used to facilitate the interaction with CPs prior to the formation
of the composite and chemical reduction of the as-prepared com-
posite material to resolve the aggregation issue. PEDOT:PSS pellets
were homogeneously dispersed in LC GO dispersion as an aque-
ous medium containing GO sheets with their surfaces exposed
for easy interaction. GO sheets with PEDOT:PSS coating showed
excellent dispersion capability, and their liquid crystalline prop-
erties remained stable. Representative POM micrographs of the
composite dispersion in Figure 2B clearly show the birefringent
lyotropic LC behavior of PEDOT:PSS interacting with GO in water.
The lyotropic nematic liquid crystalline properties of the GO dis-
persion became more obvious with increasing polymer content
(see Figure S1 in Supplementary Material).

The liquid crystalline properties of GO provide unique oppor-
tunities for the production of a self-assembled, fully ordered, and
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FIGURE 2 | Representative polarized optical microscope images of (A) LC GO and (B) GO-PP 25 at a concentration of 2.5 mgmL~". FE-SEM
micrographs of dried composites: (C) GO, (D) GO-PP 25, (E) GO-PP 50, and (F) GO-PP 75, with the arrows marking the PEDOT:PSS overlap.

novel composite architecture with free-standing and flexible film
formation. Figure S2 in Supplementary Material shows a piece
of 25% PEDOT:PSS composite paper 16 cm X 12 cm in size. The
cross-sectional FE-SEM images of different PEDOT:PSS compos-
ite papers in Figure 2 show the ordered multi-layer structure of
the PEDOT:PSS coated thin graphene sheets. Interaction between
the GO sheets and the entrapped polymer between the layers leads
to increasing GO sheet thickness with increasing PEDOT:PSS con-
tent from 25 to 75%. GO-PP 25 composite shows almost the same
architecture and sheet thickness as GO, but the higher polymer
content composites (GO-PP 75) show ordered assembly with poly-
mer overlap from the composite interior and form a compact
structure.

The self-assembled, multi-layer 3D architecture is maintained
even after chemical reduction. Figure S3 in Supplementary Mate-
rial presents high-resolution cross-sectional FE-SEM images of
the chemically treated composites. The increasing sheet thickness
of the PEDOT:PSS coated GO can also be detected from these
images. The surface morphology of the GO sheets has also changed
due to the polymer coating. A small amount of PEDOT:PSS
(25%) attaches itself to the GO sheets uniformly and makes the
sheet surface smoother than that of bare GO, but with increasing
PEDOT:PSS content, localized PEDOT:PSS agglomeration from
the aqueous dispersion may occur, appearing as nanowhiskers
on the GO surface (Figures 3C,D). Figure 3 also contains
TEM images of GO and GO-PP 25 composite to illustrate the
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FIGURE 3 | Field emission scanning electron microscopy images showing the surface morphology of (A) GO, (B) GO-PP 25, (C) GO-PP 50, and
(D) GO-PP 75. Representative TEM images of (E) GO film and (F) GO-PP 25 composite.

structural morphology. The layer-by-layer self-assembled struc-
ture is clearly evident from the homogeneous PEDOT:PSS among
the GO sheets. The characteristic wrinkles in the GO sheets in
Figure 3E have almost disappeared with the low mass loading
of PEDOT:PSS in the composite paper (Figure 3F). The flexible
GO-PEDOT:PSS composite paper exhibits good electrical con-
ductivity of 72Scm™! for the 25% PEDOT:PSS composite, but
chemical treatment increases the conductivity to 343Scm™!. In
the chemical reduction process, like different solvents (Ouyang
etal.,2004) ascorbic acid solution most likely results in the conver-
sion of the PEDOT chain from a benzoid to quinoid structure and
induces significant conductivity enhancement in the composite
films.

The PEDOT:PSS between the composite layers also increases
the layer-to-layer distance (d-spacing) compared to GO, as illus-
trated in Figure 4A. The XRD pattern of the as-prepared GO shows
a distinct peak at 10.83°, corresponding to a d-spacing of about
8.17 A for typical GO sheets (Aboutalebi et al., 2011a). The intro-
duction of 25% PEDOT:PSS forms a very thin layer on the GO

sheets and downshifts the peak to 10.46°, which is analogous to
a d-spacing of about 8.450 A, demonstrating the very thin nature
of the polymer layers during the formation of the self-assembled
ordered structure. The same trend is observed with increasing
amounts of PEDOT:PSS. In the composite with 50% PEDOT:PSS,
the peak is shifted to 9.90° indicating a d-spacing of 8.927 A, but
the excess polymer content interacts with itself and results in an
amorphous composite (Ouyang et al., 2004), which reduces the
graphene oxide characteristic peak and makes it difficult to deter-
mine the interlayer distance in the 75% PEDOT:PSS composite.
The XPS survey spectra of GO and GO-PP composite in Figure 4B
show the presence of C 1s and O 1s signals, which resemble the
typical S 2p signal of PEDOT:PSS, indicating that PEDOT:PSS had
been coated on the GO sheets uniformly. The high-resolution C
1s XPS spectrum (Figure 4C) of the GO-PEDOT:PSS composite
shows four peak components with binding energies at about 284.4,
285.5, 286.8, and 287.8 eV, which are attributed to sp?-hybridized
carbon, sp?-hybridized carbon, C-S, C-O, C=0, and O-C=0
species, respectively (Jo et al., 2011).
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FIGURE 4 | Structural characterization of composites: (A) comparison of XRD patterns of as-prepared composites: (1) GO, (2) GO-PP 25, (3) GO-PP 50,
and (4) GO-PP 75; (B) XPS survey spectra of (1) GO, (2) GO-PP 25, and (3) rGO-PP 25 composites; and (C) fitted GO-PP 25 composite core level
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FABRICATION OF ELECTRODE AND CHEMICAL REDUCTION
A one-step easy fabrication method has been used to prepare elec-
trodes with layer-by-layer self-assembled 3D architecture, where
the GO sheets are homogeneously coated with a PEDOT:PSS layer.
Interlayer PEDOT:PSS not only facilitates electrochemical access
to the GO sheet surfaces but also acts as a binder to promote the
attachment of the electrode materials to the current collector, even
after chemical treatment, whereas GO and PEDOT:PSS are unable
to exhibit this property themselves (Figure S4 in Supplementary
Material). Chemical treatment of the as-prepared electrodes by
dipping them into a reducing agent solution has been chosen as a
convenient way to reduce the GO content in the GO-PP composite.
This directly pasted, binder-free, self-assembled electrode served
as arobust platform to prepare graphene—CP composite electrodes
at moderate temperature, by avoiding highly toxic reducing agents
(hydrazine) and minimizing the risk of introducing heteroatom
into the electrode materials (Ferndndez-Merino et al., 2010; Zhang
etal., 2010).

Distinct changes were observed in the XRD patterns dur-
ing the chemical processing (Figure 5A). The peak position of

25% PEDOT:PSS containing GO composite at 10.46°(8.45 A) was
shifted to a higher angle of 24.74°(3.595 A), close to the interlayer
spacing of graphite of 3.34 A at 26.6°, due to the remarkable loss
of functional groups on the GO sheets during the chemical reduc-
tion. The S 2p core level spectra of rtGO-PP 25 composite suggest
a uniform coating and stability of PEDOT:PSS on the graphene
sheets (Figure S5 in Supplementary Material). The lower-energy
feature of the S 2p spectrum, near 165 eV, can be assigned to the
sulfur atoms in PEDOT, and the higher energy spectrum near
169 eV resembles that of the sulfur atoms in PSS (Kim et al., 2012)
in spectrum (3) in Figure 3B, revealing the residual oxygenated
groups on graphene after chemical reduction, while the S 2p sig-
nal intensity in the survey spectrum [Figure 3B, spectrum (3)]
indicates the increased ratio of sulfur to carbon or oxygen as an
effect of chemical reduction. Moreover, the core level C 1s spec-
trum of rGO-PP 25 composite demonstrates that the proportion
of epoxy/hydroxyls and carboxylate groups decreases remark-
ably relative to carbon—carbon or carbon—sulfur groups, imply-
ing an efficient reduction of graphene oxide through chemical
treatment.
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Figure 5C presents the FT-IR spectrum of GO-PP 25 along
with those of rGO and rGO-PP 25 composite. Compared with
rGO and GO-PP 25, rGO-PP 25 composite shows characteristic
peaks of PEDOT:PSS [Figure 5C, spectrum (3)]. The peaks at 979,
834, and 687 cm™! can be assigned to the C-S bond of the thio-
phene ring in PEDOT. The bands at 1200, 1095, and 1034 cm ™!
are ascribed to stretching modes of the alkylenedioxy group (Sun
et al., 2013). Vibrations below 600 cm™!, the S=O vibration near
1200 cm™!, and the O-S-O signal at 1034 cm™! are identical to
those for the sulfonic acid group of the PSS chain (Friedel et al.,
2009). The following results have definitely proved the effective
reduction of GO and the presence of stable PEDOT:PSS lay-
ers in the 3D architecture of the composite. The stability of the
PEDOT:PSS after chemical treatment at 80°C is also supported
by the UV-VIS spectra in Figure S6 in Supplementary Material.
The PEDOT:PSS incorporated, self-mediated 3D architecture plat-
form of rGO-PP composite paper showed satisfactory mechanical
strength compared to free-standing rGO paper (Table S1 in Sup-
plementary Material). A further increase in conductive polymer
content between rGO layers decreases the composite flexibility
and mechanical strength.

ELECTROCHEMICAL PERFORMANCE

Cyclic voltammetry (CV) was used to determine the effects of
reduced graphene oxide in the rGO-PP composite, as shown in
Figure 6A. An increase in the area of the CV suggests that the
reduction of GO has a massive impact on the overall specific
capacitance of the composite. From the same plot, the EDLC and

pseudocapacitive contributions from the rGO and PEDOT:PSS
are evidenced by the large current separation and distorted rec-
tangular shape of the CV. Although CPs are well known to be
pseudocapacitive in nature, thereby giving rise to peaks in the CV,
it is expedient to assume that the overall pseudocapacitive effect
arises from both the rGO and the PEDOT:PSS. Several groups have
reported high-performance graphene oxide-PEDOT:PSS compos-
ite electrodes with a very minute mass loading (Weng and Wu,
2013) listed in Table 1, which is not practical for commercial
applications. Small masses also exaggerate the performance of
such electrodes (Stoller and Ruoff, 2010). We therefore set out
to determine the optimum mass loading for the best and con-
sistent performance and compared our results to those reported
literature of similar composites, as shown in Table 1.

From the results in Figure 6B, we observe the effects of mass
loading on the overall specific capacitance. Prepared electrode with
minute mass (0.5mgcm™2) showed extraordinary performance
of 434 F g~!. With an increase of active material (rGO-PP com-
posites) content, specific capacitance (Cs) starts to decrease, but
at higher mass loading of 2.15-4 mg cm ™2 an overall and consis-
tent performance of around 246 F g~! was achieved by using the
following equation.

1 0.8
CGG=—— / I(V)dv
mV(Va - Vc) 0

where m is the mass of active material (rGO-PP) (g), v the scan
rate (mVs~!), I the current, and V the voltage, while (V, x V)
represents the potential window and the integral area under the
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FIGURE 6 | Electrochemical performance of rGO-PP 25 composite in a three-electrode system: (A) cyclic voltammograms of the composite electrodes
before and after chemical reduction, (B) specific capacitance of rGO-PP 25 composite electrodes with different mass loading at 5mV s~', marked with
the minimum active material mass for further electrochemical characterization, (C) variation of specific capacitance of different composites including
PEDOT:PSS with scan rates, and (D) Nyquist plots of different composite electrodes. The inset shows the corresponding magnified high frequency
region.
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Table 1 | Graphene/CNTs-PEDOT:PSS based composites used as supercapacitor electrode material.

2

Specific capacitance Fg~! Reference

Composite Method of preparation Mass loading mgem™
rGO-PEDOT:PSS Solution cast 0.52
rGO-PEDOT.PSS Solution cast 2.15
GO-PEDOT.PSS-CNT Solution cast 0.3
Graphene/PEDOT Microwave-assisted 0.03
rGO-PEDOT In situ polymerization 2
PEDOT.PSS-SWCNT Mixing by sonication 4

434 Current study

249 Current study

365 Weng and Wu (2013)
270 Sun et al. (2013)

108 Zhang and Zhao (2012)
133 Antiohos et al. (2011)

cyclic voltammograms. Our obtained values of C for higher mass
electrodes are better than the electrodes of similar composition
and mass loading previously reported (Table 1). We attribute
these high values for performance at variable mass loadings in
our study, compared to the literature data (Table 1) to the influ-
ence of the differing morphology of our ultra-large rGO sheets
separated by PEDO:PSS. From Figure 6B, we demonstrate that
the specific capacitance is not affected by further increasing the
quantity of active material over 2.15mgcm™2. To achieve more
realistic specific capacitance of our composite electrode as sug-
gested by Stoller and Ruoff (2010), we selected a mass loading of
over 2.15 mg cm ™2 as an appropriate quantity (Figure 6B) to carry
out further tests to determine the effects of the scan rate on the
electrode materials. This information points directly to the power
capability of an electrode. From Figure 6C, a reduction in the
specific capacitance with increasing scan rate was observed. This
is due to the fact that at high scan rates, electrolyte ions do not
get sufficient time to occupy the available sites for charge storage.
Even at 200 mV s~!, rGO-PP 25 still produced a specific capaci-
tance of 167 F g_l. However, an increase in PEDOT:PSS content
should enhance the specific capacitance due to its faradic contri-
bution, but diffusion effects of the electrolyte ions are slower with
an increase in PEDOT:PSS content and show lower capacitance
(Zhang and Zhao, 2012). This shows that the synergy between
the rGO and PEDOT:PSS results in a robust composite that stores
more charge than rGO and PEDOT PSS individually.

Figure 6D shows the electrochemical impedance spectroscopy
(EIS) plot obtained for the composite electrode over the frequency
range from 10kHz to 10 mHz. The Nyquist plots of different
rGO-PP composites and PEDOT:PSS show a typical high fre-
quency semicircle, signifying charge transfer resistance, and an
almost vertical plot at low frequency where the electrodes are dom-
inated by purely capacitive behavior. From the inset in Figure 6D,
charge transfer resistance, R, values of 0.76, 1.34,and 7.13 Q were
recorded for rGO-PP 25, rGO-PP 50, and rGO-PP 75, respec-
tively. The analyses show that the good electrical conductivity and
ionic diffusion resulted in the high-performance of the rGO-PP 25
composite as electrode material for supercapacitor electrode. We
envisage that a lesser amount of conductive polymer provides bet-
ter connection between the graphene layers to facilitate improved
electrical conductivity.

Unlike many other reported graphene—CP composites (Zhang
and Zhao, 2012; Weng and Wu, 2013) chemically reduced GO-
PEDOT:PSS composite showed a very interesting phenomenon
and excellent performance, as it exhibited noticeably increased
specific capacitance with increasing cycle number. The electrodes

made from rGO-PP 25 composite shows a steady increase in
capacitance of 19.6% after 2000 cycles (Figure S7 in Supplemen-
tary Material), possibly due to the depletion of residual oxygenated
groups on graphene sheets in Figure 5B, causing the material to
become more electroactive. This interesting characteristic may be
due to the redox effect of PEDOT:PSS on the partial electrochem-
ical reduction of GO and significantly improves the material’s
cycle life.

ASYMMETRIC SUPERCAPACITOR

To assess the feasibility of PEDOT:PSS coated graphene composite
in a practical system, we assembled an ASC by following best prac-
tice method (Stoller and Ruoff, 2010; Tang et al., 2013). The best
performing rGO-PP 25 as cathode, together with AC as the anode
material, and tested the supercapacitor in a potential window of
0—1V. Figure 7A presents the almost rectangular cyclic voltammo-
grams resulting from the combination of rGO-PP 25 composite
and AC as expected for ideal capacitors, even at the high scan
rate of 100 mV s~!. The slight decrease in capacitance as the scan
rate was increased (Figure 7B), while maintaining the rectangu-
lar shape, indicates desirable fast charge/discharge properties for
power devices.

A number of factors play influential roles in determining the
final performance of a material in supercapacitor device. In this
study, we have only focused on the performance of the as-prepared
composite electrode. In order to do so, the specific capacitance
(Cs) per unit mass of one electrode (rGO-PP 25) in the ASC
device was evaluated from CV by applying Eq. 1 and from the
charge/discharge (CD) method by applying Eq. 2 (Stoller and
Ruoff, 2010; Zhang et al., 2011).

Ixt

Co=4x ——
V x mt

=4x Cr (2)

where [ is the current in amperes, ¢ the discharge time in seconds,
V the voltage, m4 the total mass of the positive and negative elec-
trodes in grams and Cr is the specific capacitance of the ASC cell.
As we have focused on the performance of our as-prepared rGO-
PP composite electrode in the device, a factor of 4 was used to
translate the specific capacitance of the ASC into that of the single
rGO-PP 25 electrode. Maximum specific capacitances (Cs) of 139
and 121 Fg™! of the rGO-PP 25 composite electrode in the ASC
devices were obtained from CV and CD, respectively. Alternating
current penetrates into the bulk of the electrode material with
some difficulty, which can cause lower Cs values to be obtained
from CD than those obtained through CV. As mentioned earlier,
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FIGURE 7 | Electrochemical performance of the as-prepared rGO-PP 25 composite in an asymmetric supercapacitor device: (A) effect of scan rates on
the specific capacitance (C.), (B) variation of specific capacitance at different scan rates, (C) charge/discharge profiles at different current densities,
and (D) variation of specific capacitance (C,) at different current densities.

the combined contribution of constituent materials in the com-
posite from pseudocapacitance and EDLC provides these high
capacitances. Figure 7C shows CD profiles obtained at differ-
ent current densities that exhibit symmetrical linear charging and
discharging slopes, implying a rapid I-V response, excellent elec-
trochemical reversibility, and high coulombic efficiency. At higher
current densities, specific capacitances of 121, 104, 91, 77, and
69Fg~! at 0.25,0.5, 1, 2, and 4 A g~! were obtained, as shown in
Figure 7D.

Perhaps the most important parameters for any practical super-
capacitor device are the energy and power densities. The specific
energy (E) and power (P) density of the rtGO-PP 25 composite
electrode in an ASC device are calculated from the galvanosta-
tic data using the following equations (Zhang et al., 2011) and
presented in Table S2 in Supplementary Material (EIS).

E= 1CS(A\/)2/3.6 (3)

p= (4)

~ |

where Cs, AV, and t are the specific capacitance of composite elec-
trode in the ASC device, potential window (V), and discharge time
(s), respectively. Due to the synergy between the constituent mate-
rials in the composite, specific energy density of 16.14 Whkg™!
and a power density of 1185 W kg~! were achieved for the compos-
ite electrode in the assembled ASC device at 0.25 A g~ . Including
higher mass loading (over 2.15mgcm™2) such a better specific
energy density is ideal for supercapacitors, as the challenge for

these devices is to store as much energy as batteries. It is not sur-
prising that the power density for this device is also promising, as is
characteristic of supercapacitors. Moreover, the energy and power
density of rGO-PP 25 composite electrode in an ASC device can
be further increased by combining with different anode materials
to optimize its performance. With the excellent interconnectiv-
ity between the components of the final electrode composite, the
ions are able to penetrate throughout the whole porosity of the
active material and provide fast charge transfer. For this reason,
Nyquist plot in Figure 8A, there is a very small semicircle indicat-
ing low charge transfer resistance (R.), while a near vertical line
was detected at lower frequencies. A Bode plot (Figure 8B) was
plotted from the Nyquist plot to show the maximum phase angle
of —82°, which is close to the phase angle of —90° for an ideal
supercapacitor.

Long cycle life is a prominent characteristic of supercapaci-
tor electrode materials in practical application. To determine the
longevity and study the change in capacitance of the asymmetric
device, we tested the performance over 2000 cycles at 50 mV s—L
and the results are plotted in Figure 8C. No substantial changes
were observed in the device capacitance, and the internal area
of the cyclic voltammograms (Figure 8C) becomes even more
rectangular, which is ideal for practical supercapacitors. Inter-
facial contact between PEDOT:PSS and graphene not only pre-
vents the agglomeration and restacking of graphene sheets but
also enhances the electrochemical activity of the composite as an
improved EDLC.

Thus, copious electrochemical analysis suggests that the rGO-
PP composite electrode, which is also easily scaled-up, exhibits
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promising specific capacitance with a synergistic effect between
the graphene and the PEDOT:PSS. Firstly, the aligned p-type
PEDOT and n-type PSS chains facilitate ion diffusion from the
electrolyte to each layer of graphene sheet, making complete use
of the active material. In addition, the large surface area of the
ultra-large graphene sheets promotes faster electron transfer. Due
to this, decreased ion diffusion and charge transfer resistance
lead to the improved specific capacitance. Moreover, with the
help of graphene sheets as a platform for PEDOT:PSS chains,
the composite can withstand the strain relaxation and mechan-
ical deformation from cycling, preventing the electrode material
from seriously swelling and shrinking during the electrochemical
processes. Therefore, the full interaction of PEDOT:PSS with the
graphene sheets resulted in improved capacitive performance of
the composite and better cycling stability.

CONCLUSION

The direct interaction between PEDOT:PSS and LC GO sheets
leads to the formation of layer-by-layer self-assembled 3D archi-
tecture composite. Interlayer conductive PEDOT:PSS enable this
composite as a high quality, innovative, binder-free electrode
material through one-step reduction process. Application of ascor-
bic acid as a reducing agent defuses environment concerns arising
from highly toxic reducing agents. The easily scaled-up prepa-
ration and chemical reduction are the most practical merits of
this present method. By efficiently applying the synergistic effects
of the constituent materials, the rGO-PEDOT:PSS composite
(rGO-PP 25) as supercapacitor electrode shows, greatly intensi-
fied specific capacitance (249 F g~!) with appropriate mass loading
(over 2.15mgcm™~2), and better cycle life than pure graphene
and PEDOT:PSS individually. Considering the potential practi-
cal applications in portable energy devices as part of an ASC, the
binder-free rGO-PEDOT:PSS composite possesses the advantages
of low cost, easy processability, scalable preparation, and greater
environmental compatibility than polyaniline or polypyrrole, and
exhibits excellent energy storage performance. In the context of the
present study, it is believed that the present convenient and large-
scale method suggests an outstanding and practical way to prepare
high-performance and low-cost composite electrode materials for
energy storage device applications and a new route to binder-free
electrode assembly.
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