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GRAPHICAL ABSTRACT

o GO/PEDOT-CNTs ternary composites
are prepared via a facile electro-
chemical method.

eThe long CNTs more effectively
improve the capacitive performance
of GO/PEDOT.

e A lightweight and thin solid-state
highly flexible supercapacitor is
fabricated.

e The supercapacitor device shows a
high specific capacitance and cycle
stability.
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Ternary composite electrodes based on carbon nanotubes thin films (CNFs)-loaded graphene oxide (GO)
supported poly(3,4-ethylenedioxythiophene)- carbon nanotubes (GO/PEDOT-CNTs) have been prepared
via a facile one-step electrochemical codeposition method. The effect of long and short CNTs-
incorporated composites (GO/PEDOT-ICNTs and GO/PEDOT-sCNTs) on the electrochemical behaviors of
the electrodes is investigated and compared. Electrochemical measurements indicate that the incorpo-
ration of CNTs effectively improves the electrochemical performances of the GO/PEDOT electrodes. Long
CNTs-incorporated GO/PEDOT-ICNTs electrodes have more superior electrochemical behaviors with
respect to the short CNTs-incorporated GO/PEDOT-ICNTs electrodes, which can be attributed to the
optimized composition and specific microstructures of the former. To verify the feasibility of the pre-
pared composite electrodes for utilization as flexible supercapacitor, a solid-state supercapacitor using
the CNFs-loaded GO/PEDOT-ICNTs electrodes is fabricated and tested. The device shows lightweight,
ultrathin, and highly flexible features, which also has a high areal and volumetric specific capacitance
(334mFcm2at10mV s~ ! and 2.7 Fcm ™ at 0.042 A cm3), superior rate capability, and excellent cycle
stability (maintaining 97.5% for 5000 cycles). This highly flexible solid-state supercapacitor has great
potential for applications in flexible electronics, roll-up display, and wearable devices.
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1. Introduction

Developing highly flexible energy storage devices with superior
performance can meet the requirement for flexible electronics of
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the next generation, which has potential technological applications
in various fields, including but not limited to roll-up displays,
artificial electronic skin, and wearable devices. For personal elec-
tronics and modern market, such devices follow the trend toward
lightweight, thinness, miniaturization, and flexibility, and may be
even rolled up [1—6]. Supercapacitors (also called electrochemical
capacitors) are the promising candidates for flexible devices, due to
their advantages including inherent electrochemical properties
(high power density, rapid charge-discharge performance, and
long-term cycle stability), relatively simple structures, as well as
the easy production on large scale [7—10].

Commonly, supercapacitors can be divided into two categories
based on the energy storage mechanism. One is the electrochemical
double-layer capacitors (EDLCs), which usually use carbon mate-
rials with high power density as the accumulation of pure elec-
trostatic charges in the electric double layers. The other is the
Faradaic pseudocapacitors that employ conducting polymers and
transition metal oxides/hydroxides, whose high energy density
derives from the surface or near-surface redox reactions of elec-
troactive species [11—14]. The electrode materials are crucial to the
performance of supercapacitors. However, each electrode material
has its advantages and disadvantages. For instance, carbon mate-
rials show high power density and long cycle stability, but they
have low capacitance. Transition metal oxides exhibit higher en-
ergy density than carbon materials and a better cycle life than
conducting polymers, but they also present a drawback of poor
conductivity. Conducting polymers have high energy density, and
yet they reveal the disadvantages of a low cycle life because
swelling and shrinkage occur during the doping/dedoping of
counter-ions [15—17]. Therefore, extensive attempts have been
made to prepare composite electrode materials that can compen-
sate for the limitation of each individual material used for super-
capacitors. For instance, the hierarchical NiMn layered double
hydroxide/carbon nanotubes [18], three dimensional (3D) carbon-
metal oxide composite [19], and carbon@MnO, core-shell hybrid
nanospheres [20], and so on.

Graphene oxide (GO) can be easily synthesized from natural
graphite and forms stable dispersions in water. It has a low fabri-
cation cost and is environmentally friendly in nature. GO also ex-
hibits a high specific surface area that results in the large electrical
double-layer. On the other hand, conducting polymers (CPs) have
high Faradaic pseudocapacitance. Thus, a number of recent studies
have been devoted to synthesizing the composites of CPs and GO
nanosheets in order to achieve the large specific capacitance and
long cycle life for electrochemical capacitors. Cao et al. reported the
3D GO/polypyrrole (GO/PPy) composite electrodes by electro-
chemical deposition [21]; Wu et al. demonstrated a facile and
effective synthesis of GO/CPs (CPs, PANI and PPy) composites via an
in situ oxidative polymerization [22]; Li et al. investigated the GO/
PPy nanowire composite material using an in situ chemical poly-
merization method [23]; and Li et al. prepared the GO/PANI com-
posites using an in-situ polymerized method [24]. In our previous
study, the PPy/GO composites have been also investigated through
an electrochemical codeposition method [25].

Although the above GO/CPs composites exhibit good capacitive
performances due to the hydrophilic nature of GO and the w—m
stacking between GO layers and polymer rings, the GO still hinders
their charge storage properties as a result of the insulating nature of
GO (conductivity of 1.28 x 1072 S em~!), which is caused by a large
number of oxygen containing functional groups in its structure [21].
Carbon nanotubes (CNTs), owing to their high conductivity, low
specific weight, ideal specific surface area and chemical stability,
have been widely used as the supercapacitor electrode materials
[26—28]. So incorporating CNTs into the GO/CPs composites has the
potential to improve their electrochemical behaviors. Poly(3,4-

ethylenedioxythiophene) (PEDOT) as an electrode material for
supercapacitors has been extensively investigated. It exhibits not
only a high conductivity, but also an unusual stability in the
oxidized state as compared to other CPs [29,30]. In this contribu-
tion, we shall devote our effort to improving the electrochemical
performances of the GO/PEDOT composites by incorporating the
CNTs. The ternary GO/PEDOT-CNTs composites are readily prepared
via a facile one-step electrochemical codeposition method. To our
knowledge, no prior research has been made to prepare the ternary
composites consisting of CPs, GO and CNTs for supercapacitor ap-
plications. Furthermore, we will investigate the effect of two types
of CNTs (long versus short) on improving the electrochemical be-
haviors of the GO/PEDOT composites.

Carbon nanotube films (CNFs) are one kind of favorable sub-
strate for flexible electric devices due to its superior flexibility,
excellent electrical conductivity, and mechanical strength [31]. In
this study, CNFs are used as the electrode substrate (mechanical
support) as well as current collector to obtain a highly flexible,
ultrathin, and lightweight electrode architecture. The CNFs-loaded
long and short CNTs incorporated GO/PEDOT ternary composite
electrodes (GO/PEDOT-ICNTs and GO/PEDOT-sCNTs) are prepared
via a facile one-step electrochemical codeposition method. Their
electrochemical behaviors were investigated and compared using
the cyclic voltammetry (CV), galvanostatic charge/discharge (GCD)
measurements, and electrochemical impedance spectroscopy (EIS).
To verify the feasibility of the prepared composite electrodes for use
as flexible supercapacitor, a flexible solid-state supercapacitor was
assembled by two identical composite electrodes of CNFs-loaded
GO/PEDOT-ICNTs, with the PVA/H3PO4 gel as solid electrolyte. The
capacitive performances and cycle stability of this highly flexible
supercapacitor were tested, which successfully lighted a light-
emitting diode (LED). This result is anticipated to stimulate prac-
tical applications.

2. Experimental
2.1. Materials

Natural graphite powder (325 mesh) was purchased from
Guangfu Research Institute (Tianjin, China). Short and long
carboxylated multi-wall carbon nanotubes (sCNTs-COOH and
ICNTs-COOH) were obtained from Chengdu Organic Chemicals Co.,
Ltd., which were made by chemical vapor deposition (CVD)
method, and their length was 0.5—2 and 10—30 pm, respectively.
Carbon nanotubes thin films (CNFs, thickness of 20 pum) were
supplied by Hengqiu Tech. Inc. (Soochow, China). 3, 4-
ethylenedioxythiophene (EDOT, Ourchem®, 99%) and polyvinyl
alcohol (PVA)-124 were purchased from Sinopharm (Shanghai,
China).

2.2. Preparation of the electrode and supercapacitor

Graphite oxide was prepared from natural graphite powder with
the modified Hummers method [32,33], and GO was obtained by
subsequent exfoliation by ultrasonication. The flexible ternary
composite electrodes of CNFs-loaded GO supported poly(3,4-
ethylenedioxythiophene)-CNTs (GO/PEDOT-CNTs) were fabricated
through a facile electrochemical codeposition method. The aqueous
deposition bath containing 0.01 M EDOT monomer, 1 mg mL™~! GO,
and 1 mg mL~' sCNTs-COOH or ICNTs-COOH was dispersed
adequately under ultrasonication for about 15 min. After that, the
electrodeposition was performed with a three-electrode system, in
which CNFs with 0.5 cm x 1 cm conductive areas serve as the
working electrode, large areal Pt sheet acts as the counter electrode
and saturated calomel electrode (SCE) as the reference electrode. A
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galvanostatic mode with a current density of 1 mA cm—2 was used
for 30 min, during which the composite films grew on the CNFs
with a total charge of 1.8 C cm~? passed. Subsequently, the CNFs-
loaded composite electrodes were rinsed with deionized water to
remove the unreacted substance. The flexible composite electrodes
obtained with short and long CNTs were termed as GO/PEDOT-
sCNTs and GO/PEDOT-ICNTSs, respectively. As a comparison, the
GO/PEDOT electrodes were prepared with the same electrodepo-
sition procedure, just without CNTs-COOH in the deposition bath.
The mass of composites was measured by weighing discrepancy of
the CNFs before and after electrodeposition using a MS105DU
Mettler-Toledo microbalance with an accuracy of 10 pg, and the
mass reported is the average value of 3 parallel samples.

The flexible solid-state supercapacitors were fabricated by
assembling two pieces of identical CNFs-loaded composites elec-
trodes with a sandwiched separator (a filter paper with thickness of
20 pm) and PVA/H3PO4 gel as the solid electrolyte. After that, the
devices were placed in the air at room temperature to vaporize the
excess water. PVA/H3PO4 gel electrolyte was prepared as follows:
1 g H3PO4 was mixed with 10 mL deionized water, and then 1 g PVA
powder was added. The mixture was heated to 85 °C under
vigorous stirring until the solution became clear. The gel electrolyte
was obtained after cooling the solution down.

2.3. Characterizations

A Bruker Tensor 27 FI-IR Spectrometer was used to obtain the
FT-IR spectra, and the samples tested were prepared by potassium
bromide tabletting. The X-ray diffraction (XRD) patterns were
recorded on a Rigaku Ultima IV X-ray diffractometer. The
morphology of the composites prepared was observed using a field
emission scan electron microscope (SEM, JSM-6701F, JEOL) oper-
ated with a voltage of 10.0 kV, and a high resolution transmission
electron microscopy (TEM, JEM-2100, JEOL) operating at 200 kV.
For the FT-IR and TEM characterizations, the samples were scraped
from the films-deposited conducting glasses, because it is difficult
to scrape from the surface of the films deposited CNFs.

All the electrochemical behaviors including the cyclic voltam-
mograms (CV), galvanostatic charge-discharge (GCD) curves and
the electrochemical impedance spectra (EIS) were measured using
an electrochemical workstation (CHI 660E, Chenhua, China) in
1.0 M KCl aqueous solution with three-electrode system, in which a
saturated calomel electrode (SCE) serves as reference electrode and
a large area Pt foil as the counter electrode. The electrochemical
behaviors were characterized between potentials of —0.4—0.6 V vs.
SCE. EIS was recorded in the frequency range from 0.01 to 10° Hz
with a 5 mV amplitude referring to the open circuit potential.

3. Results and discussion
3.1. Compositions and structures

As shown in Fig. 1, in the process of electrodeposition to form
the ternary composites of GO/PEDOT-CNTs, oxidative polymeriza-
tion of the EDOT monomer takes place, during which the anionic
GO and carboxylated CNTs act simultaneously as the charge carriers
in deposition bath, as well as the counter ions for charge balancing
of PEDOT. Fig. 2a shows the FT-IR spectra of sCNTs-COOH, ICNTs-
COOH, GO, PEDOT, GO/PEDOT-sCNTs, and GO/PEDOT-ICNTs. The
peak located at 1722 cm~! in the sCNT-COOH and ICNT-COOH
spectra originates from the C=O stretching vibration of the
carboxyl [34]. For the spectrum of GO, the peak at 1703 cm~! can
also be attributed to the C=0 stretching of carbonyl. The peaks
located at 1413 and 1235 cm ™! are ascribed to the O—H deformation
and C—OH stretching vibration, and the peak at 1055 cm™! is the

characteristic peak of the epoxide group [35]. In the pure PEDOT
spectrum, the vibration modes of the C—S bond in the thiophene
ring are located at 692, 841, and 980 cm ™, the peak at 926 cm ™! is
related to the deformation mode of ethylenedioxy ring [36—38],
and the vibrations at 1058,1089, 1144, and 1203 cm ™! are due to the
stretching of the C—O—C bond in the ethylenedioxy group [36]. In
addition, the quinoid structure and stretching modes of C—C and
C=C in the thiophene ring result in the vibrations at around 1350
and 1518 cm™, respectively [39].

Comparing to that of PEDOT, the FT-IR spectra of both GO/
PEDOT-sCNTs and GO/PEDOT-ICNTs exhibit all the characteristic
peaks of PEDOT. The only difference is that the vibration band
originating from C—C stretching in the thiophene ring of GO/
PEDOT-sCNTs and GO/PEDOT-ICNTs has a redshift from 1350 to
1330 cm~ L This redshift is ascribed to the electrostatic interaction
between the PEDOT cations and anionic CNTs, as well as the 7—=
interactions and hydrogen bonding between the GO layers and
thiophene rings. It should be noted that IR bands associated with
GO and CNTs are scarcely detectable, which is probably because
their IR intensities are too weak relative to those of PEDOT and thus
overlapped with the latter bands. Overall, the FT-IR spectra confirm
the formation of the GO/PEDOT-sCNTs and GO/PEDOT-ICNTs
composites.

The composites prepared were further characterized by XRD.
Fig. 2b shows the XRD patterns of GO, sCNTs-COOH, ICNTs-COOH,
PEDOT, GO/PEDOT-sCNTs, and GO/PEDOT-ICNTs. The GO pattern
reveals a sharp peak situating at 20 = 10.9° (002 plane of the
hexagonal graphite structure), which corresponds to an interlayer
spacing of 0.81 nm of the GO sheets as calculated by the Bragg
equation. This value is larger than 0.335 nm of pristine graphite
(26 = 26.6°), due to the introduction of oxygen-containing groups
and intercalated water molecules between layers [25]. The broad
peak at 21.4° is caused by some aggregations of the GO sheets [40].
The XRD patterns of sCNTs-COOH and ICNTs-COOH show the
presence of two peaks at 20 = 26.0° and 42.9°, corresponding to the
002 and 100 planes of the hexagonal graphite structure [41,42],
respectively. The PEDOT pattern exhibits a broad diffraction peak at
20 = 26°, which is indicative of the amorphous nature of PEDOT
[43]. For GO/PEDOT-sCNTs and GO/PEDOT-ICNTs, the XRD patterns
show only the broad diffraction peak of PEDOT, located at around
26°. Thereinto, the peak attributed to GO disappears within the
composites, manifesting that the PEDOT coatings between the GO
nanosheets increase the interlayer spacing of the layered GO [25].
The disappeared XRD peaks of CNTs in the composites is probably
ascribed to the overlap and weakening of the PEDOT coatings on
the surface of CNTs.

3.2. Morphology

The microstructures of electrode materials are critical for
supercapacitors, which influence their electrochemical perfor-
mance. Fig. 3a exhibits the SEM images of the GO/PEDOT, GO/
PEDOT-sCNTs, and GO/PEDOT-ICNTs composites. The images of
GO/PEDOT show the microstructures of two-dimensional nano-
sheets interconnecting with each other, and the curly sheet-like
morphology of GO is observed clearly, indicating that GO domi-
nates the composites.

Comparing with those of GO/PEDOT, the images of GO/PEDOT-
SCNTs and GO/PEDOT-ICNTs composites display a very different
morphology due to the incorporation of CNTs. Notably, the curly
sheet-like morphology of GO largely disappears, which is caused by
a large amount of PEDOT coatings on the GO and covering its
morphology. This observation indicates that the incorporation of
CNTs enhances the polymerization of PEDOT, which should
contribute to the enlargement of faradaic pseudocapacitance of the
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GO/PEDOT-CNTs

Fig. 1. Schematic diagram of the electrochemical polymerization reaction to prepare the ternary composites of GO/PEDOT-CNTs from EDOT, GO, and CNTs-COOH.
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Fig. 2. FT-IR spectra (a) and XRD patterns (b) of sSCNTs-COOH, ICNTs-COOH, GO, PEDOT, and the GO/PEDOT-sCNTs and GO/PEDOT-ICNTs composites.
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Fig. 3. SEM images (a) at low (left) and high (right) magnification and TEM images (b) at different magnification for the GO/PEDOT, GO/PEDOT-sCNTs, and GO/PEDOT-ICNTs

composite electrodes.

composites. A careful observation of the two types of CNTs-
incorporated composites suggests the GO/PEDOT-ICNTs compos-
ites have more loose and porous microstructures, these should
facilitate ion diffusion from electrolyte within the composite films.
Furthermore, it can be seen from the SEM images at high magni-
fication that only a bundle of isolated PEDOT-coated CNTs appear in
the GO/PEDOT-sCNTs composites (marked with red, dashed line),
and the rest of composites is occupied by the PEDOT-coated GO. In
contrast, plenty of CNTs are introduced into the GO/PEDOT-ICNTs
composites, in which the abundant anionic CNTs may help make
the composites less compact, resulting in loose and porous mi-
crostructures. It can also be seen that the PEDOT-coated CNTs are
relatively uniformly distributed within the composites. These CNTs
form an interconnected nano-network, which can effectively pro-
mote the charge transfer of the composite films owing to the high
conductivity of CNTs.

The observation with SEM is further confirmed by the TEM
characterization. Fig. 3b shows that GO is covered by PEDOT-coated
CNTs for the two types of CNTs-incorporated composites, which
indicates that GO not only acts as the counter-ion, but also as the
substrate to support the PEDOT-coated CNTs during the electro-
chemical codeposition. However, the TEM images of GO/PEDOT-
sCNTs show that only part of GO is covered, whereas the whole
surface of GO is covered by the PEDOT-coated CNTs for GO/PEDOT-
ICNTs, which are well in line with the observation by SEM.

The above morphology characterization indicates that more
CNTs were incorporated into the GO/PEDOT-ICNTs composites, and
these long CNTs are uniformly distributed, as well as form a
conductive interconnected nano-network within the composite
films. The optimized composition and special microstructures are
beneficial to promote the charge transfer and ion diffusion within
the composite films. In the ternary composites of GO/PEDOT-CNTs,
PEDOT can contribute high Faradaic pseudocapacitance, GO sheets
and CNTs with large surface area provide the large electric double
layer capacitance, and the introduced CNTs with high conductivity
can make up the disadvantage of insulating GO for high-efficiency
charge transfer.

3.3. Electrochemical measurements

The electrochemical behaviors of the as-prepared GO/PEDOT,
GO/PEDOT-sCNTs, and GO/PEDOT-ICNTs composite electrodes were

initially evaluated using the CV measurements under a three-
electrode system in 1 M KCl aqueous solution. As shown in
Fig. 4a, all CV curves are close to rectangular in shape at 10 mV s/,
indicative of a highly capacitive nature with superior ion response.
In Fig. 4b, with the increase of scan rate, the CV curves still maintain
a superior symmetry and display a pair of broad redox peak at +
0.2 V, which is related to the doping/dedoping of counter-ions for
PEDOT.

For the purpose of applications in small scale electronics and
stationary energy storage devices, areal capacitance is a better in-
dicator for supercapacitor performance than gravimetric specific
capacitance. Moreover, since the electrode materials are loaded on
the substrate by electrodeposition, they are too light to be weighted
accurately, so the specific capacitance of electrodes was evaluated
in area units in this study. The areal specific capacitance (Cs) of
electrodes can be obtained from the CV curves according to the
following Eq. (1) [44]:

Co— (%/idv)/(SXAva) 1)

where C, represents the areal specific capacitance (F cm™2), [ idV
the integrated area for the CV curve, S the surface area of active
materials (0.5 cm? in this study), AV the scanning potential window
in V, and v the scan rate (V s~!). The CV curves consist of oxidation
and reduction curves corresponding to the charge/discharge pro-
cesses. Thus the integrated area of the nearly symmetrical CV
curves multiplied by 1/2 is used to calculate the specific
capacitance.

As shown in Fig. 4c, comparing with the GO/PEDOT electrodes,
the GO/PEDOT-sCNTs and GO/PEDOT-ICNTs electrodes deliver the
larger areal capacitance at all scan rates, suggesting that the
incorporation of CNTs with high conductivity effectively promotes
the capacitive properties of GO/PEDOT. It can be also seen that the
GO/PEDOT-ICNTs electrodes show higher specific capacitance than
the GO/PEDOT-sCNTs electrodes at all the CV scan rates. The areal
capacitance of GO/PEDOT-sCNTs electrodes is 861 mF cm~2 at
10 mV s~ . That of GO/PEDOT-ICNTs electrodes is increased to
952 mF cm 2 at 10 mV s, which is higher than the various
supercapacitor materials reported, such as active carbon cloth
(88 mF ecm2 at 10 mV s~ !) [45], TiO,@PPy nanowires
(646 mF cm™2 at 10 mV s~ !) [46], and CNT/TiO,/ionomer
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Fig. 4. Cyclic voltammograms at the scan rates of 10 mV s~! (a), 20—100 mV s~ (b), and relationship of areal capacitance with CV scan rate (c) for the CNFs-loaded GO/PEDOT, GO/
PEDOT-sCNTs, and GO/PEDOT-ICNTs composite electrodes, tested in 1 M KCl aqueous solution with a three-electrode system. Data in (c) are shown as the mean + standard error (SE)

for the electrodes (n = 3 for each type).

(88 mF cm~2 at 5 mV s~ ') [47], and PANI/graphite oxide composites
(25 mF cm~2 at 5 mV s !) [48]. In addition, when the scan rate
increases to 200 mV s~ !, the GO/PEDOT-ICNTs electrodes still
maintain a high areal capacitance of 67.6 mF cm~2, which indicates
a good rate capability. The mass of the GO/PEDOT, GO/PEDOT-
SCNTs, and GO/PEDOT-ICNTs composites is 0.75, 0.64, and
0.52 mg, respectively. The gravimetric specific capacitance can be
calculated by Eq. (1), in which the surface area (S) is replaced with
mass (m). GO/PEDOT, GO/PEDOT-sCNTs, and GO/PEDOT-ICNTs
show the specific capacitance of 52.7, 67.2, and 91.6 F g ! at
10 mV s~ !, respectively. In short, the results of CV measurements
reveal that the long CNTs can more effectively boost the capacitive
performance of the GO/PEDOT-CNTs composites.

The GCD tests were also performed to further compare the
capacitive performance of the two types of GO/PEDOT-CNTs elec-
trodes. Fig. 5a illustrates the GCD curves for the GO/PEDOT-sCNTs
and GO/PEDOT-ICNTSs electrodes at different current densities. All
the charging curves are symmetric with respect to their discharge
counterparts. The curves also show good linear potential-time
profiles, indicating the ideal capacitive behavior and fast Faraday
redox reaction of the composites. Based on the GCD curves, the
areal specific capacitance of electrodes can be given with the
following equation:

Cs=(ixt)/(SxAV) (2)
where C; is the areal specific capacitance (F cm~2), i the discharge
current (A), t the discharge time (s), S the surface area of the active
substance (0.5 cm? in this research), and AV the discharging po-
tential window (V). It can be seen from Fig. 5b that the GO/PEDOT-
ICNTs electrodes display the higher specific capacitance at all GCD
current densities. Thereinto, the GO/PEDOT-sCNTs electrodes pre-
sent a specific capacitance of 89.1 mF cm~2 at 0.5 mA cm™2, while

that of GO/PEDOT-ICNTs electrodes reaches 100.3 mF cm™2 at
0.5 mA cm 2, which are comparable to those of the previous
electrode materials such as 3D porous graphene/polyaniline com-
posites (67.2 mF cm ™2 at 0.05 mA cm~2) and Fe304@Sn0,, core-shell
nanorod array (7.013 mF cm ™2 at 0.2 mA cm~2) [49,50]. As much as
75.1% and 76.8% of initial capacitance can be maintained even when
the GCD current density increases by 20 times (75.0 and
69.0 mF cm~2 at 10 mA cm2) for the GO/PEDOT-ICNTs and GO/
PEDOT-sCNTs electrodes, respectively, demonstrating superior
rate performance. The GO/PEDOT-sCNTs electrodes show slightly
better capacitance retention, which can probably be attributed to
the fact that the film of GO/PEDOT-sCNTs (9.5 pum) is slightly
thinner than that of GO/PEDOT-ICNTs (10 pm), resulting in slightly
shorter transmission distance between electron and current col-
lector. The aforementioned results from GCD tests are in accord
with those of the CV measurements.

The EIS tests were carried out to evaluate the charge transfer
and electrolyte ion diffusion in the electrode/electrolyte interface,
and the obtained EIS complex plane plots are shown in Fig. 5c. A
feature of vertical trend for impedance plots at low frequencies can
be observed for the two types of electrodes, manifesting the
capacitive character [51]. Comparing with the GO/PEDOT-sCNTs
electrodes, the straight line in the low frequency region for the
GO/PEDOT-ICNTs electrodes leans more towards the imaginary
axis, indicative of the better capacitive behavior. The fact that a
semicircle at high frequency is not found for the two types of
electrodes, in the inset of Fig. 5¢, is attributed to the low interfacial
charge-transfer resistance [39]. Also observed in the inset of Fig. 5c
is that the intercept at x-axis for the GO/PEDOT-ICNTs electrodes is
smaller than that of the GO/PEDOT-sCNTs electrodes, suggesting a
smaller equivalent series resistance (ESR). ESR is related to the
electrolyte solution resistance, the intrinsic resistance of active
materials, and the interfacial contact resistance between current
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Fig. 5. GCD curves at various current densities (a), areal capacitance vs. GCD current density (b), and EIS complex plane plots (c) for the CNFs-loaded GO/PEDOT-sCNTs and GO/
PEDOT-ICNTs composite electrodes. The inset in (c) is the EIS plots in the high-frequency region. Data in (b) are presented as the mean + standard error (SE) for the electrodes

(n = 3 for each type).
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collectors and active materials [52]. Furthermore, the transition
point between the 45° region and the vertical line in the low-
frequency region is called the “knee frequency”, beyond which
the capacitive behavior is replaced by the more inclined diffusion
line. Higher knee frequency means faster charge transfer rates and
lower diffusion impedance [53]. The GO/PEDOT-ICNTs electrodes
exhibit a higher knee frequency (46.5 Hz) than the GO/PEDOT-
sCNTs electrodes (21.2 Hz), as obtained from the inset of Fig. 5c.
The EIS tests further indicate that the GO/PEDOT-ICNTs electrodes
have better charge transfer and ion diffusion of electrolyte, which
consequently result in the higher specific capacitance and excellent
rate performance.

As observed from the SEM and TEM images, in comparison with
the short CNTs-incorporated GO/PEDOT-sCNTs electrodes, the long
CNTs-incorporated GO/PEDOT-ICNTs electrodes have superior
electrochemical behaviors due to its composition and specific mi-
crostructures. Plenty of CNTs are introduced into the GO/PEDOT-
ICNTs composites, resulting in loose and porous microstructures.
The hydrophilic GO sheets as the substrate offer high electro-
chemical surface area for the electrical double-layer. Meanwhile,
the supported PEDOT-coated CNTs are relatively uniformly
distributed in the composites, and the conductive interconnected
nano-network can significantly promote the charge transfer.

3.4. Supercapacitor tests

In practical applications, flexible electronic devices desire power
sources with high flexibility, stability, and environmental friendli-
ness. To verify the feasibility of the prepared composite electrodes
for utilization as flexible supercapacitor, a solid-state super-
capacitor was assembled by two identical CNFs-loaded GO/PEDOT-
ICNTs composite electrodes with PVA/H3PO4 gel as the solid elec-
trolyte. Fig. 6 shows the CV and GCD curves of the assembled
flexible supercapacitor device, as well as its areal specific capaci-
tance obtained from the corresponding CV and GCD curves. The

specific capacitance of the device is calculated according to the Eq.
(1) and Eq. (2), respectively.

It can be seen from Fig. 6a that the CV curves maintain the
rectangular shape with almost symmetric i-E response at all scan
rates ranging from 10 to 100 mV s~ !, and the current shows obvious
increase with the scan rate. The device achieves the specific
capacitance of 33.4 mF cm™2 at 10 mV s~ . In addition, with the
increase of CV scan rate, the capacitance shows a relatively smooth
decline (Fig. 6b), demonstrating its superior rate performance.
Likewise, all the GCD curves (Fig. 6¢) of the device have symmetric,
triangular shape and linear potential-time relationship, with a high
specific capacitance of 32.3 mF cm 2 at 0.5 mA cm™2. It is compa-
rable to other solid-state supercapacitors in the literature, such as
graphene/polyaniline composite based supercapacitors
(23 mF cm™2 at 0.1 mA cm2) and cellulose nanofibers/[PANi-
PEDOT] based supercapacitors (422 mF cm™2 at
0.0043 mA cm~2) [54,55]. Furthermore, with the increase of current
densities, the capacitance also shows a relatively smooth decline
(Fig. 6d). The specific capacitance maintains 58% of initial value
when the current density increases by as much as 20 times
(18.7 mF cm~2 at 10 mA cm™2), indicating that the flexible solid-
state supercapacitor has ideal electrochemical capacitive
properties.

According to the GCD curves, the areal specific energy density
and power density of the assembled supercapacitor can be further
calculated by the Eqgs. (3) and (4) [25,48], respectively.

1CsAV2

_2-S

E= 3600 (3)
p_ 36(30E )

where E is the areal specific energy density (Wh cm™2), P the areal
specific power density (W cm~2), Cs the areal specific capacitance (F
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Fig. 6. CV curves at varying scan rates (a), areal capacitance vs. CV scan rate (b), GCD curves at various current densities (c), and areal capacitance vs. GCD current density (d) of the
flexible solid-state supercapacitor assembled by two identical CNF-loaded GO/PEDOT-ICNTs composite electrodes with PVA/H3PO4 gel as a solid electrolyte.
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cm~2) obtained by Eq. (2), AV the potential window subtracting iR
drop (V), t the discharge time (s), and 3600 is for unit conversion
between second and hour. The Ragone plot in Fig. 7a shows the
high power-energy character of the supercapacitor, with the
highest power density of 4.0 mW cm 2 and the maximum energy
density of 4.4 pWh cm~2 being achieved. Long cycle life is a crucial
parameter for practical applications of supercapacitor, Fig. 7b pre-
sents the cycle stability of the supercapacitor device, which un-
derwent 5000 CV cycles at 50 mV s~ ! in tests. The result indicates
that no decline occurs for the first 2800 cycles, and 97.5% of initial
capacitance maintains after 5000 cycles, demonstrating its excel-
lent long-term cycle stability.

For the purpose of applications for integrated energy devices,
the supercapacitors should exhibit high flexibility without adverse
on the device performance. As shown in Fig. 8a, the as-prepared
supercapacitor is highly flexible and it can endure the folded,
twisted, and rolled states without destroying its construction.
Importantly, the electrochemical performances of the device retain
nearly unchanged under these states (Fig. 8b). The obtained device
is so thin and lightweight that the thickness and weight of the
whole device (including the electrodes, electrolyte, and separator)
are only around 120 pm and 12.8 mg, respectively, and yet it can
deliver the volumetric specific capacitance of 2.7 F cm™> at
0.042 A cm 3, which is higher than those of other solid-state
supercapacitors reported, such as graphene based supercapacitors
of 0.45 F cm~3 [56], carbon fiber/MnO, based supercapacitors of
2.5 Ffem 3 [57], and H-TiO, based asymmetric supercapacitors of
0.7 F cm3 [58]. These features enable the entire device to be
thinner and more flexible, making the design of compact and light
devices possible. To simulate practical applications, three super-
capacitor units were connected in series to light up a light-emitting
diode (LED) (Fig. 8c) after charging, which demonstrates its prac-
tical use, suggesting its great potential for flexible and lightweight
electronics in energy management applications.

It should be pointed out that nanomaterials have potential
adverse environmental impact for their tiny size. However, the
electrode materials being reported herein are composite materials,
featuring integration and large size. Thus they differ essentially
from individual nanomaterials like CNTs. In addition, the economic
viability is an important factor to affect the practical application of
electrode materials. Although CNTs and CNFs are relatively costly
materials, currently they have become very cheap compared to the
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Fig. 7. Ragone plots (a) and the relationship of specific capacitance retention rate and
cycle number (b) for the solid-state supercapacitor assembled by two identical CNFs-
loaded GO/PEDOT-ICNTs composite electrodes.
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diode (LED) being lit by a device composed of three supercapacitors connected in
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days when they first appeared, and their preparation cost is getting
lower and lower with the development of fabrication technology.
So CNTs and CNFs have great potential for supercapacitor applica-
tions due to their superior conductivity and flexibility.

4. Conclusions

In summary, we have prepared CNFs-loaded ternary composite
electrodes with GO supported PEDOT-CNTs hybrid structure, via a
facile electrochemical codeposition method. Electrochemical
measurements indicate that the long CNTs-incorporated GO/
PEDOT-ICNTs electrodes have superior capacitive performances
with respect to the short CNTs-incorporated GO/PEDOT-ICNTs
electrodes, which can be attributed to the optimal composition and
specific microstructures of the former. Furthermore, a highly flex-
ible solid-state supercapacitor based on the CNFs-loaded GO/
PEDOT-ICNTs composites has been fabricated, and the device shows
the ultrathin, lightweight, and highly flexible features, which has a
high specific capacitance and excellent cycle stability. The superior
performances and the ease of fabrication suggest that the super-
capacitor fabricated is a good candidate for highly flexible and
lightweight integrated electronics.
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