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ABSTRACT: A novel type of highly flexible and all-solid-state supercapacitor
that uses cellulose nanofibril (CNF)/reduced graphene oxide (RGO)/carbon
nanotube (CNT) hybrid aerogels as electrodes and H2SO4/poly(vinyl alcohol)
(PVA) gel as the electrolyte was developed and is reported here. These flexible
solid-state supercapacitors were fabricated without any binders, current
collectors, or electroactive additives. Because of the porous structure of the
CNF/RGO/CNT aerogel electrodes and the excellent electrolyte absorption
properties of the CNFs present in the aerogel electrodes, the resulting flexible
supercapacitors exhibited a high specific capacitance (i.e., 252 F g−1 at a
discharge current density of 0.5 A g−1) and a remarkable cycle stability (i.e., more than 99.5% of the capacitance was retained
after 1000 charge−discharge cycles at a current density of 1 A g−1). Furthermore, the supercapacitors also showed extremely high
areal capacitance, areal power density, and energy density (i.e., 216 mF cm−2, 9.5 mW cm−2, and 28.4 μWh cm−2, respectively).
In light of its excellent electrical performance, low cost, ease of large-scale manufacturing, and environmental friendliness, the
CNF/RGO/CNT aerogel electrodes may have a promising application in the development of flexible energy-storage devices.
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■ INTRODUCTION

There is an increasing demand for high-performance energy-
storage systems, resulting from the rapidly growing market in
wearable and portable electronics such as roll-up displays and
electric paper.1−4 Lightweight, high power and energy densities,
excellent durability, high flexibility, low cost, and environmental
friendliness are some principal requirements of these energy-
storage devices.1,4−6 Supercapacitors, also known as electro-
chemical capacitors, are particularly attractive for such
applications because they have high capacitances, long cycle
lives, and wide working temperature ranges.6−8 Over the past
decade, a significant amount of research has been carried out to
develop thin, flexible, and lightweight supercapacitors.7−13

Nevertheless, several factors, including the high cost of raw
materials and/or complicated fabrication procedures, have
limited their practical applications. Therefore, there is still a
need to develop high-performance supercapacitors that are
based on novel, sustainable/renewable, and affordable materi-
als.
Aerogel is a highly porous, lightweight solid material that is

prepared by a process that replaces the liquid solvent in a gel
with air, without substantially changing the network structure of
the gel body.14 Carbon aerogels, such as those made of
graphene and carbon nanotubes, are a unique type material
with high surface area, high electrical conductivity, and

ultralight weight.15 Graphene is a large single sheet of sp2-
bonded carbon that has superior electrical, optical, mechanical,
and electrochemical properties.16,17 Currently, graphene-based
porous carbon materials are being extensively explored as
electrode materials for supercapacitors because of their ultralow
density, high specific surface area, high electrical conductivity,
and good environmental compatibility.8,13,18−24 However, one
challenge with graphene is that graphene nanosheets are prone
to restacking, thereby significantly limiting the diffusion of
electrolyte ions.25 Therefore, effectively preventing graphene
aggregation, decreasing the ion diffusion distance, and
improving the wettability of graphene by electrolytes are very
important with regard to enhancing the performance of
graphene-based supercapacitors.26,27

Cellulose is the most abundant and sustainable natural
polymer.28 Cellulose nanofibrils (CNFs) derived from cellulose
have high aspect ratios, excellent mechanical properties,
excellent flexibility, and superior hydrophilicity.29,30 CNF-
based aerogels possess a porous structure and an extremely
high porosity (resulting in an ultralow density and a high
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specific surface area) as well as excellent electrolyte-absorption
properties.31−34 Such materials may find extensive applications
in flexible energy-storage devices because CNFs can be easily
integrated with conductive carbon nanofillers such as graphene
and carbon nanotubes (CNTs) to achieve thin, flexible, free-
standing, and binder-free high-performance flexible electro-
des.2,25,35,36 Furthermore, the hydrophilicity of CNFs in the
aerogels can be beneficial for the contact between the
electrodes and electrolytes and provide diffusion channels for
the electrolyte ions, thus enhancing the performance of the
supercapacitors.27

Herein, we report free-standing, lightweight, all-solid-state
flexible supercapacitors fabricated by using CNF/reduced
graphene oxide (RGO)/CNT hybrid aerogels as electrodes
(Figure 1). Because of their high electrical conductivity, high
surface area, and high mechanical strength, CNTs have
attracted a lot of attention for use in supercapacitor electrode
applications.8,37,38 Graphene oxide nanosheets (GONSs) are
water-soluble and have a large amount of oxygen atoms,17 and
they could easily form a uniform solution when mixed with
CNFs. Furthermore, graphene oxide can be used as a surfactant
to disperse the CNTs.22,39,40 Thus, CNTs can be uniformly
dispersed in the CNF/GONS aqueous solution as well.41,42

The role of the CNTs is to provide continuous conductive
paths between different layers of graphene nanosheets.43 The
resulting all-solid-state flexible supercapacitors, which use
CNF/RGO/CNT aerogel sheets as electrodes, exhibit high
specific capacitance and remarkable cycle stability. Further-
more, these supercapacitors also show extremely high areal
capacitance, areal power density, and energy density. Therefore,
we are reporting a simple and environmentally friendly method
for fabricating porous electrode materials that are based on an
abundant and sustainable natural polymer (i.e., CNF) and
carbon materials that possess electrical and mechanical
properties desirable for flexible all-solid-state supercapacitors
for energy storage.

■ EXPERIMENTAL SECTION
Materials. CNFs were prepared using a commercially available,

fully bleached eucalyptus Kraft pulp. Multiwalled CNTs (diameter =
13−16 nm) were obtained from Bayer Material Science (Pittsburgh,
PA). 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO, 98 wt %),

potassium permanganate (99 wt %), and sulfuric acid (98 wt %)
were purchased from Sigma-Aldrich. Sodium chlorite, sodium
bromide, phosphoric acid, and other chemicals were obtained from
Fisher Scientific and used without further purification.

Preparation of CNF/RGO/CNT Aerogels. To prepare an
aqueous dispersion of GONS, GONSs solid (30 mg) was dispersed
in deionized water (10 mL) with the aid of sonication. CNT powder
(10 mg) was added to the GONSs solution; afterward, the mixture was
sonicated using a probe sonicator (UP400S, Hielscher USA) for 30
min. The resulting GONS/CNT dispersion was then added to the
CNF solution (9.23 g, 0.65 wt %) under continuous magnetic stirring
at room temperature to yield a homogeneous dispersion. The pH of
the aqueous mixture was adjusted to neutral. The weight percentages
of GONSs, CNTs, and CNFs were 30, 10, and 60%, respectively. The
resulting aqueous CNF/GONS/CNF mixture was transferred into
several aluminum dishes, and then frozen at −78 °C in a dry ice/
acetone solution. The CNF/GONS/CNT aerogel was obtained by
freeze-drying a CNF/GONS/CNT dispersion. The CNF/GONS/
CNT aerogel was converted into a CNF/RGO/CNT aerogel by direct
heating in an oven at 150 °C in air for 2 h.

Preparation of a H2SO4/Poly(vinyl alcohol)(PVA)-Gel Electro-
lyte.44 In a typical process, H2SO4 (5 mL, 98 wt %) and PVA powder
(5.0 g) were added to deionized water (50 mL). Subsequently, the
whole mixture was heated to 85 °C under continuous stirring until the
solution became clear.

Preparation of Flexible All-Solid-State Supercapacitors. The
CNF/RGO/CNT aerogels were compressed into aerogel films under
a pressure of 1.0 MPa for use as the electrodes in the supercapacitors.
All compression processes described in this paragraph were carried out
using a universal testing machine (Instron, model 5967) fitted with a 3
kN load. The edge of one side of the compressed aerogel film was
glued to aluminum foil by using silver paste to facilitate the electrical
contact of the electrode and an alligator clip connecting it to the
electrochemical analyzer. Thereafter, the hot H2SO4/PVA-gel electro-
lyte (300 μL electrolyte/cm2 of the electrode) was slowly poured onto
the compressed aerogel film (10 × 25 mm2). Next, the electrode that
was coated with a thin layer of electrolyte was left in a fume hood at
room temperature for about 4 h to remove the excess water by
evaporation. Finally, two pieces of the resulting aerogel film that were
covered by the gel electrolyte were compressed into an all-solid-state
flexible supercapacitor under pressure (0.2 MPa) for 10 min. The
compression force caused the electrolyte layers on each electrode
merge, forming a thin separator.

Characterization and Electrical Measurement. Scanning
electron microscopy (SEM, LEO GEMINI 1530) was used to
characterize the microstructure of the aerogels. The thermal stability

Figure 1. Schematic of the fabrication process of a CNF/RGO/CNT electrode.
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of these aerogels was characterized using a thermogravimetric analyzer
(TGA, Q50 TA Instruments, USA) over the temperature range of 30−
800 °C at a 10 °C min−1 heating rate under a N2 atmosphere. Surface
analysis was carried out on a K-Alpha+ X-ray Photoelectron
Spectrometer (XPS, Thermo Scientific, USA) with focused mono-
chromatic Al Kα X-rays (hv = 1286.6 eV). X-ray diffraction (XRD)
patterns were measured on a D8-Discovery diffractometer (Bruker,
USA) with Cu Kα radiation at a scanning rate of 5° min−1. Raman
spectra were studied on a DXR Raman spectrophotometer (Thermo
Scientific, USA) that was equipped with a 633 nm laser source. The
electrical conductivity of the CNF/RGO/CNT film was measured
using an ohmmeter. To evaluate the supercapacitors, all tests were
carried out using a versaSTAT-3 two-electrode system (Princeton
Applied Research, USA). Specifically, cyclic voltammetry (CV) was
carried out over the potential range of 0−1.0 V, galvanostatic charge−
discharge was carried out over the potential range of 0−1.0 V, and
electrochemical impedance spectroscopy (EIS) was carried out
between 1 Hz and 100 kHz.

■ RESULTS AND DISCUSSION

Preparation and Characterization of CNF/RGO/CNT-
Aerogel Electrodes. The fabrication process of the CNF/
RGO/CNT aerogel electrodes is shown schematically in Figure
1. Previous research has demonstrated that GONSs can be used
as a surfactant to disperse CNTs.39,40 Moreover, it has also
been shown that CNFs can help to disperse CNTs with the aid
of sonication.41,42 Thus, to prevent graphene aggregation
effectively, GONSs and CNTs were first dispersed in the
CNF solution, creating a uniform CNF/GONS/CNT dis-
persion. Afterward, the CNF/RGO/CNT aerogel was obtained
by freeze-drying a CNF/GONS/CNT dispersion, followed by
thermal reduction of GONSs in situ. Compared to the chemical
reduction of GONSs, the preparation process described above
excludes the use of a harmful reductive agent such as hydrazine;
thus, the method aligns with the principles of green chemistry.
The prepared CNF/RGO/CNT was black and ultralightweight
(about 5.5 mg mL−1).
Figure 2 shows the SEM images of the cryofractured surfaces

of the CNF, CNF/GONS/CNT, and CNF/RGO/CNT
aerogels. These aerogels all possessed a highly interconnected,
3D porous structure. The pore sizes of the CNF aerogel
(Figure 2a,b; typically 4−8 μm) were somewhat larger than
those of the CNF/GONS/CNT aerogel (Figure 2c,d; typically
2−5 μm). This phenomenon can be attributed to the fact that
during the freeze-drying process CNTs and GONSs could
easily entangle with CNFs to form a 3D network within the
CNF/GONS/CNT aerogel possibly affecting the nucleation
and growth of ice crystals.42 Figure 2e,f shows the SEM images
of a CNF/RGO/CNT aerogel. The 3D porous microstructure
was well maintained during the thermal reduction process, and
the densities of the aerogel samples were decreased to
approximately 4.9 mg mL−1 because of the loss of oxygen-
containing groups from the GONSs.
By compressing the CNF/RGO/CNT aerogel at 1 MPa, a

CNF/RGO/CNT aerogel film with a thickness of approx-
imately 200 μm was obtained. The electrical conductivity of the
CNF/RGO/CNT film was 12 S m−1, which is comparable to
that of activated carbon (10−100 S m−1).45 The highly porous
microstructure of the CNF/RGO/CNT aerogel can be largely
maintained in the compressed CNF/RGO/CNT aerogel film
(Figure 3a,b), although the pore diameter decreased to the
nanoscale. The highly porous and nanosized microstructure of
the compressed CNF/RGO/CNF aerogel film can be very
helpful in increasing the absorption of the electrolytes and

providing diffusion channels for electrolyte ions, thereby
enhancing the performance of the supercapacitors. Figure
3c,d shows the cross-sectional SEM images of the compressed
CNF/RGO/CNT aerogel film, from which well stacked layers
can be observed.
The X-ray diffraction (XRD) patterns of the CNF, CNF/

GONS/CNT, and CNF/RGO/CNT aerogels are shown
Figure 4a. The XRD pattern of the CNF aerogel exhibited a
distinct peak at 2θ = 22.5°, corresponding to the (002) lattice
planes of cellulose I, and two overlapping peaks at 2θ = 14.0−
17.8°, corresponding to the (101) and (101 ̅) lattice planes of
the cellulose I crystalline structure.32,46,47 In the XRD pattern of
the CNF/GONS/CNT aerogel, a strong diffraction peak was
observed at 2θ = 10.8°, corresponding to the (002) lattice
planes of the graphene oxide nanosheets.11,48 Moreover, a
broad peak was observed at 2θ = 25.6°, corresponding to the

Figure 2. SEM images of the cryofractured surfaces of aerogels: (a and
b) the CNF aerogel, (c and d) the CNF/GONS/CNT aerogel, and (e
and f) the CNF/RGO/CNT aerogel.

Figure 3. SEM images of the compressed CNF/RGO/CNT hybrid
aerogel films: (a and b) bottom surface of the aerogel film and (c and
d) cross-section of the aerogel film.
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(002) lattice planes of carbon nanotubes. However, the XRD
pattern of the CNF/RGO/CNT aerogel did not show a peak at
10.8°, which indicates a high level of reduction of the graphene
oxide nanosheets. Similarly, a broad peak was observed at 2θ =
25.5°, corresponding to the (002) lattice planes of reduced
graphene oxide and carbon nanotubes.49

Raman spectroscopy was used to analyze the structural
changes that occurred during the thermal reduction process of

the CNF/GONS/CNF aerogel. Figure 4b shows the Raman
spectra of the CNF/GONS/CNT and CNF/RGO/CNT
aerogels. Two large peaks at 1348 and 1578 cm−1,
corresponding to the D and G bands,50 respectively, were
observed for both samples. The G band around 1578 cm−1

arose from the sp2 vibration of carbon atoms in a 2D hexagonal
lattice, whereas the D band arose from the sp3 vibrations of
carbon atoms of defects and disorder.51 The intensity ratio of

Figure 4. (a) XRD patterns of the CNF, CNF/GONS/CNT, and CNF/RGO/CNT aerogels. (b) Raman spectra of the CNF/GONS/CNT and
CNF/RGO/CNT aerogels.

Figure 5. High-resolution XPS C1s spectra of (a) the CNF/GONS/CNT aerogel and (b) the CNF/RGO/CNT aerogel.

Figure 6. (a) TGA and (b) DTG curves of the CNF, CNF/GONS/CNT, and CNF/RGO/CNT aerogels.
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the D and G bands is in accordance with the ratio of sp3 to sp2

carbon atoms, which can be used to derive information about
the disordered and ordered domains of graphene.50 As shown
in Figure 4b, the value of the ratio of the intensity of peak D
versus that of peak G (i.e., ID/IG) for CNF/RGO/CNT (i.e.,
1.18) is higher than that of CNF/GONS/CNT (i.e., 1.01). This
type of change in the value of ID/IG has previously been
attributed to the generation of new sp2 graphitic domains
whose sizes are smaller and whose numbers are greater than
those of the domains present in the GONSs before reduction.50

To gain further insight into the level of success of the thermal
reduction of GONS in the CNF/GONS/CNT aerogel, X-ray
photoelectron spectroscopy (XPS) was used to study the CNF/
GONS/CNT aerogel before and after the thermal reduction
process (Figure 5). The high-resolution XPS C1s spectrum of

the CNF/GONS/CNT aerogel clearly indicated the presence
of four types of carbon atoms in different functional groups: the
nonoxygenated ring carbon (CC/C−C, 284.4 eV), ether
carbon (C−O, 286.2 eV), carbonyl carbon (CO 287.8 eV),
and carboxylate carbon (O−CO, 289.2 eV).50 The peak
intensity of the CC/C−C carbon in the CNF/RGO/CNT
aerogel increased significantly compared to that of the CNF/
GONS/CNT aerogel. This indicates that GONSs were
effectively reduced during the thermal reduction process.50

However, there were still a large number of oxygen-containing
groups that originated mainly from CNFs in the aerogel.
The thermal stabilities of the CNF, CNF/GONS/CNT, and

CNF/RGO/CNT aerogels were measured by a thermogravi-
metric analyzer (TGA) in nitrogen over the temperature range
of 30−800 °C, and the data are shown in Figure 6. In Figure

Figure 7. (a) Schematic diagram of the all-solid-state supercapacitor where the polymer-gel electrolyte serves as the electrolyte and the separator.
Inset shows the flexibility of the device. (b) Typical cyclic voltammetry curves of a supercapacitor at different scan rates. (c) Charge−discharge
curves of a supercapacitor at different current densities. (d) Dependence of specific capacitance on current density. (e) Nyquist impedance plots of
the supercapacitor. Inset is a magnified view of the high-frequency region. (f) Cycling stability of a solid-state device over 1000 cycles at a current
density of 1 A g−1. Inset shows the galvanostatic charge−discharge curves for the first 20 cycles.
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6b, the CNF/GONS/CNT aerogel shows two weight-loss
processes. The weight loss that occurred over the temperature
range of 144−226 °C was attributed to the loss of oxygen-
containing groups from the GONSs.50 The weight loss that
occurred over the temperature range of 233−413 °C
corresponded to the decomposition of CNFs in the CNF/
GONS/CNT aerogel. This finding was validated by a
comparison with the TGA curve of pure CNF aerogels.32

There was only one weight-loss process shown in the TGA
curve of the CNF/RGO/CNT aerogel, and it was associated
with the decomposition of CNFs. These results led to the
conclusion that the GONSs were successfully reduced to RGO.
Electrochemical Testing of Highly Flexible and All-

Solid-State Supercapacitors. To show the superior perform-
ance of the CNF/RGO/CNT electrodes as electrochemical
energy storage, the compressed CNF/RGO/CNT aerogel film
was used to fabricate the supercapacitors without the use of any
other binders, current collectors, or electroactive additives.
Symmetric supercapacitors were assembled using a thin, flexible
polyethylene terephthalate (PET) substrate and H2SO4/PVA
gel as the electrolyte and separator (Figure 7a). The use of
H2SO4/PVA-gel electrolytes reduced the thickness and weight
of the electrode, as compared with aqueous electrolytes, and
simplified the fabrication process because it did not require any
special packing material. The electrochemical behavior of the
electrode that was made from the CNF/RGO/CNT aerogel
film was characterized via CV and galvanostatic charge−
discharge testings. Figue 7b shows the CV curves of a
supercapacitor device at various scan rates (5 to 50 mV s−1)

over a voltage range of 0−1 V. These curves showed a quasi-
rectangular shape, suggesting that the compressed CNF/RGO/
CNT aerogel film electrode exhibited an excellent electrical
double-layer capacitive behavior8 with a very rapid current
response on voltage reversal and a low resistance of ion
transport within the electrode. Figure 7c shows the nearly
triangular and symmetrical shapes of the charge−discharge
curves of such a device at various current densities. Figure 7d
shows the specific electrode capacitances (i.e., Csp) that were
derived from the discharge curves. At a current density of 0.5 A
g−1, the Csp of the supercapacitors was about 252 F g−1, which
was much higher than the Csp of the assembled graphene
paper27,52,53 and carbon/cellulose composites (Table
S1).11,25,54 Previous studies demonstrated that the addition of
conducting polymers could further increase the capacitances of
the supercapacitors;9,10,36,55,56 however, the lifetime of the
carbon-/conducting polymer-based supercapacitors may be a
concern. In addition, the supercapacitor made from the binder-
free CNF/RGO/CNT electrodes showed an areal capacitance
of 216 mF cm−2, which is much higher than that recently
reported for other types of flexible supercapacitor devi-
ces11,25,54,57−59 (Table S2). When the current density was
changed from 0.5 to 10 A g−1, the supercapacitor retained 70%
of its capacitance (177 A g−1), indicating that the super-
capacitor had an excellent capacitance retention capability
resulting from the highly continuous porous structure and the
strong hydrophlicity of the aerogel electrode that facilitated the
diffusion of ions. Furthermore, these supercapacitors also
showed an extremely high areal energy density of 28.4 μWh

Figure 8. (a) Cyclic voltammetry curves of a supercapacitor at different bending angles with a scan rate of 10 mV S1−. (b) Dependence of specific
capacitance for a supercapacitor at different bending angles. The inset shows the charge−discharge curves of a supercapacitor at different bending
angles with a current density of 1 A g−1. (c) Self-discharge curves of a supercapacitor after being charged at 1.0 V for 10 min. (d) Three highly
flexible devices used in series to light a red LED.
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cm−2 (8.1 mWh g−1) at an areal power density of 9.5 mW cm−2

(2.7 W g−1); this was higher than the value recently reported
for carbon-based supercapacitors.25,54 The superior perform-
ance of the supercapacitors could be ascribed to several factors:
(1) Graphene aggregation was effectively prevented by CNFs
and perhaps also by CNTs. (2) The superior hydrophilic nature
of the CNFs, present in the porous aerogel electrodes that
exhibited a high specific surface energy, allowed excellent
contact between the electrodes and the polymer-gel electrolyte,
thereby providing diffusion channels for the electrolyte ions.
(3) The incorporation of CNTs provided additional continuous
conductive pathways between the different layers of graphene
nanosheets.
The charge-transfer resistance (i.e., Rct) and equivalent-series

resistance (i.e., RESR) of the supercapacitors were characterized
by electrochemical impedance spectroscopy (EIS). The
Nyquist plots of the fabricated supercapacitor, recorded over
the frequency range of 1 Hz to 100 kHz, are shown in Figure
7e. The Nyquist plot of a supercapacitor typically consists of a
semicircle over the high-frequency range and a near vertical line
over the low-frequency range.60,61 However, the Nyquist plot of
our supercapacitor did not have a semicircle at the high-
frequency range, which is a desirable characteristic for
supercapacitors. This finding may be attributed to the very
small Rct as well as the fact that the charge was stored mainly via
a non-Faradaic process. The RESR of the supercapacitor was
10.5 Ω, and it was obtained from the intercept of the Nyquist
plot with the real axis at high frequency. In the low-frequency
range, the Nyquist plot of the supercapacitor was almost a
vertical line, thus showing an ideal capacitive behavior. The fast
ion diffusion in the CNF/RGO/CNT electrode was due to the
highly porous microstructure and the superior wettability of the
CNFs. The CNFs, which acted as electrolyte nanoreservoirs,
provided good diffusion channels for electrolyte ions, enabling
the active materials (i.e., RGO and CNTs) in the electrode to
be in direct contact with the electrolyte, thus decreasing the
distance the ions diffused.25,62 As shown in the inset in Figure
7e, the enlarged plot of the high-frequency region showed that
the supercapacitor displayed a pure capacitive behavior at
frequencies up to ∼196 Hz.
The cyclic stability of the CNF/RGO/CNT electrodes,

which is another important parameter for energy-storage
devices, was evaluated by galvanostatic charge−discharge for
1000 cycles. Figure 7f provides the Csp as a function of cycle
number at a current density of 1 A g−1. The Csp of the
supercapacitor remained nearly unchanged after 1000 charge−
discharge cycles, suggesting that the supercapacitor made from
the CNF/RGO/CNT electrode had superior cycle stability,
which may be due to the interpenetrating structure formed
between the electrodes and the polymer-gel electrolyte.36 A
typical charge−discharge curve under continuous operation for
the first 20 cycles is shown in the inset of Figure 7f.
Future multifunctional energy-storage systems will require

highly flexible devices6 that can be easily rolled up. Therefore,
electrochemical stability under bending is very important for
all-solid-state flexible supercapacitors. Figure 8a shows the CV
behavior of the supercapacitor tested under various bending
angles. Bending did not cause any obvious effect on the
capacitive performance. Figure8b shows the dependence of the
specific capacitance of a supercapacitor fabricated from a
compressed CNF/RGO/CNT aerogel film with an increasing
bending angle from 0 to 180° at a current density of 1 A g−1.
The value of Csp did not change notably with the increasing

bending angle. More importantly, the shape of CV curve did
not obviously change after withstanding 200 bending cycles
(Figure S3), suggesting that these supercapacitors were highly
flexible.
For practical applications, self-discharge of the device is one

of the principal concerns. Figure 8c shows the self-discharge
curves of a supercapacitor after it was charged at 1.0 V for 10
min. The voltage dropped significantly in the first several
minutes; however, the self-discharge curve showed a plateau
region after 1 h, with the potential decreasing very slowly.
Nearly 59% of the initial charged potential was maintained even
after 1 day, which was better than other reported values.44,63 To
demonstrate the use of the highly flexible and all-solid-state
supercapacitor, three supercapacitor devices were assembled in
series to light a red light-emitting diode (LED) with a
minumum operating potential of 1.65 V. After being charged at
a potential of 3.0 V, the device lit the LED very well for about
26 min (Figure 8d and Video S1).

■ CONCLUSIONS

A highly flexible and freestanding CNF/RGO/CNT aerogel
electrode was synthesized by freeze-drying an aqueous
dispersion of CNF/GONS/CNT, followed by the subsequent
thermal reduction of GONSs in situ. All-solid-state flexible
supercapacitors using compressed CNF/RGO/CNT aerogel
film as the electrode exhibited a specific capacitance, energy
density, and power density of 252 F g−1 (216 mF cm−2), 8.1
mW h g−1 (28.4 μW h cm−2), and 2.7 W g−1 (9.5 mW cm−2),
respectively. Moreover, the supercapacitors showed excellent
cyclic stability, with more than 99.5% specific capacitance
retained after 1000 charge−discharge cycles. Owing to its
superior electrochemical performance, excellent process scal-
ability, low cost, and environmentally friendliness, the CNF/
RGO/CNT aerogel film may be a promising electrode material
for assembling lightweight, flexible, low-cost, and rechargeable
energy-storage devices.
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