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ABSTRACT: Graphene-based supercapacitors and related flexible
devices have attracted great attention because of the increasing demands
in the energy storage. As promising three-dimensional (3D) nanostruc-
tures in the supercapacitor electrodes, graphene-based aerogels have been
paid dramatic attention recently, and numerous methods have been
developed for enhancing their performance in energy storage. In this
study, an exclusive strategy is presented toward directly in situ growing
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reduced graphene oxide (RGO) aerogels inside the 3D porous carbon

fabrics for engineering the interfaces of the resulting binary 3D architectures. Such unique architectures have shown various
advantages in the improvements of the nanostructures and chemical compositions, allowing them to possess much enhanced
electrochemical properties (391, 229, and 195 F g™ at current densities of 0.1, 1, and S A g, respectively) with excellent cycling
stability in comparison with the neat RGO aerogels. The results of the performance in the flexible all-solid-state supercapacitors
along with discussion on the related mechanisms in the electrochemical properties indicate the remaining issues and associated
opportunities in the development of advanced energy storage devices. This strategy is relatively facile, versatile, and tunable,
which highlights a unique platform for engineering various 3D porous structures in many fields.

KEYWORDS: 3D architecture, supercapacitors, aerogels, porous nanostructures, energy storage

B INTRODUCTION

The dramatic development of portable electronic devices and
hybrid electric vehicles has created a large demand for
innovative energy storage materials of high power density and
efficient energy conversion.'”® Owing to the high power
density, long cycle life, and fast charge/discharge processes,
electrochemical supercapacitors enable rapid energy recovery in
heavier duty systems, and they are recently required to be
lightweight, flexible, and effective for meeting the urgent
requirement in the industry.”® Carbon-based materials of
porous structures have been mostly considered as the ideal
electrodes for electrical double-layer capacitors (EDLCs).' >
Particularly, efforts have been dedicated to exploring porous
three-dimensional (3D) carbon-based nanostructures currently
due to their advantageous features of enhanced ion and
electron transport and high specific capacities as well as their
superior electrochemical stability.'®~"?

For the unique porous 3D frameworks, graphene-based
foams, hydrogels, and aerogels have attracted increasing interest
in the community.”>”>' A remarkable variety of explorative
studies have been reported for achieving such lightweight
porous 3D graphene nanostructures, suggesting excellent
specific capacitance and cycling stability.'*'*'*"® 72! As a
typical example, Duan and co-workers have fabricated flexible
all-solid-state supercapacitors based on reduced graphene oxide
(RGO) hydrogels, demonstrating enhanced specific capacitance
up to 186 F g~ with area specific capacitance of 372 F cm™
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(current density of 1 A g™') in a two-electrode poly(vinyl
alcohol) (PVA)/H,SO, gel system.16 Generally speaking, the
utilization of freeze-drying has been well-known to be an
effective method for considerably preventing RGO nanosheets
from restacking and aggregation in the formation of 3D
graphene-based nanostructures. On the basis of this strategy,
recent efforts have suggested that significant improvements
could be achieved by further engineering the interfaces or
chemical compositions of the graphene-based nanostructures,
including doping with heteroatoms,® ** introduction of a
heterocompound as the spacers,”> " generation of unique
ionic channels,® etc. Among these approaches, the attempt of
utilizing metal oxides as the spacers to synthesize 3D graphene/
metal oxide hybrid structures presents several shortages in the
decreased rate performance and poor cycling stability induced
by the transition metal oxides.”® On the contrary, carbonaceous
materials, such as carbon black,® carbon nanotubes,®**>*° and
highly ordered porous carbon particles,”” have been reported to
be the effective spacers for enhancing the related energy storage
performance via the optimization of the porous structures,
specific surface areas, and interfaces of the resulting 3D
graphene-based nanostructures.
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Figure 1. (a—d) Fabrication of the binary 3D architectures. (e) Engineering the interfaces of RGO aerogels with C-fabrics, showing effective charge
diffusion and transfer in the binary 3D architectures (graphene motifs not drawn to scale).
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Figure 2. Optical photos of the neat C-fabrics (a), RGO fabrics (b), and flexible RGO fabrics upon bending (c); SEM image (d) and TEM image (e)
of the neat C-fabrics; SEM image (f) and TEM image (g) of the neat RGO aerogels; SEM images (h—j) and TEM image (k) of the RGO fabrics.

On the other hand, typical continuous 3D carbon frame-
works, including carbon cloths, textures, and fabrics, have also
received extensive attention because of their advantages, such as
intrinsic electrically conductive networks for electronic trans-
port and porous structures for efficient ionic diffusion.*' "*°As a
consequence, they have been widely used as the matrices/
substrates for preparing hybrid structures, aiming to achieve
high-performance energy-storage devices.>' >° For example,
Yang et al. have synthesized MnO, nanowires and Fe,O;
nanotubes on the carbon fabrics separately and further
processed them into solid-state asymmetric supercapacitors,
with extended ogerating voltage window and high energy
density observed.>" Similarly, a hierarchical NiCo,0,@NiO
core—shell nanowire heteronanostructure has been grown on
the carbon cloths®® and the fabricated flexible solid-state
supercapacitors exhibited an enhanced capacitance with the
capacity retention of 87.5% after S000 cycles.

In the present work, we demonstrate a simple and versatile
strategy for processing 3D porous carbon fabrics (surface area
~ 1111 m* g”') into 3D RGO aerogels to fabricate a novel
binary 3D architecture, with the purpose of engineering the
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interface, nanostructure, and electrochemical performance of
RGO aerogels. Compared to the neat RGO aerogels without
using carbon fabrics, the as-fabricated RGO aerogel/carbon
fabrics (RGO fabrics) of binary 3D architectures were found to
present much increased specific surface area with increased
micropores, improved networks, and channels for electronic
transport and ionic diffusion. Thus, they were able to deliver an
enhanced specific capacitance (391, 229, and 195 F g at
current densities of 0.1, 1, and § A g'l, respectively) and
excellent cycling stability. The highest capacitance, up to 245 F
g ' at 0.1 A g7', along with good capacitive retention was also
found in the related fabricated flexible all-solid-state super-
capacitors. Some remaining issues and associated opportunities
based on such facile technique are discussed.

B RESULTS AND DISCUSSION

In the fabrication of the binary 3D architectures, a piece of acid-
treated C-fabrics (~2 mm in thickness) was immersed in the
GO aqueous solution (Figure lab), followed by adding
hydroquinone as the reducing agent. Until the stable GO—
hydroquinone solution was homogeneously dispersed in the C-
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fabric skeleton, the mixtures were sealed and transferred into an
oven for the in situ establishment of 3D RGO frameworks via
combination of hydrophobic and 7—r interactions during the
reduction of GO (Figure 1c).””*” The resulting hydrogel-like
products were further freeze-dried and thermally annealed to
achieve the RGO fabrics (Figure 1d).

In the exclusive strategy for designing such novel binary 3D
architectures, it is noteworthy that utilization of the porous C-
fabrics for engineering the interface, nanostructure, and
electrochemical performance of RGO aerogels show several
unique advantageous features. (1) Immersion of C-fabrics in
the GO solution enables the GO nanosheets to be
homogeneously dispersed in the interspaces of the C-fabric
skeleton, by which RGO aerogels could be in situ generated in
the C-fabrics. (2) The mechanical brittleness of the RGO
aerogels could be substantially improved by the introduced C-
fabric skeleton, allowing the resultant RGO fabrics to be highly
mechanically flexible and robust. (3) The presence of the C-
fabric skeleton could well alleviate the volume shrinkage and
unexpected restacking upon the in situ formation of RGO
aerogels, with anticipation of significantly improving the
interfaces and ionic channels of the 3D RGO aerogels. (4)
The introduced porous C-fabrics of high surface area and
sufficient micropores are expected to essentially enhance the
energy storage via synergy effects in the binary 3D architectures
(Figure 1le).

As shown in the optical photos (Figure 2a,b), the shape of
the resulting RGO fabrics was mainly determined by the
dimension of the introduced C-fabrics, and the RGO aerogels
were in situ formed inside the C-fabrics. Because of the 3D
skeleton of the C-fabrics, the RGO fabrics were found to be
mechanically robust and highly flexible (Figure 2c). Figure 2d
exhibits the scanning electron microscopy (SEM) image of the
neat C-fabrics used for engineering the RGO aerogels, which
demonstrate the typical continuous 3D skeletons formed by
carbon fibers. Representative transmission electron microscopy
(TEM) image displays the porous feature of the ground short
C-fabrics (Figure 2e). According to SEM and TEM images in
Figure 2f,g, respectively, the neat RGO aerogels without the
presence of C-fabrics demonstrate highly porous structures,
with wrinkled RGO nanosheets in the as-formed 3D frame-
works. For the RGO fabrics, Figure 2h (~1 mm scale) and
Figure 2i shows the representative cross-section views for the
binary 3D architectures, suggesting that continuous 3D RGO
frameworks were expected to be homogeneously generated in
the entire 3D C-fabric skeleton. Figure 2j and Supporting
Information, Figure S1 clearly show that the introduced 3D C-
fabric skeleton has effectively prevented the RGO frameworks
from unexpected aggregation/restacking and volume shrinkage
during the formation of aerogels and post-treatments. There-
fore, the interfaces of the RGO fabrics have been greatly
improved via the establishment of the binary 3D architectures,
compared to those of the neat RGO aerogel and neat C-fabrics.
TEM image in Figure 2k briefly exhibits the overlap of the
ground short C-fabrics on a piece of RGO nanosheet.

X-ray photoelectron spectroscopy (XPS) was carried out to
investigate the chemical compositions of the samples. As shown
in Figure 3a, all the samples present sharp C peaks, and
corresponding concentrations of C, O, and N elements were
listed in Supporting Information, Table S1. The neat C-fabrics,
neat RGO aerogels, and RGO fabrics possess C concentrations
of 87.9%, 84.89%, and 85.62%, respectively. Figure 3b—d
exhibits the C 1s spectra, indicating dominant carbon—carbon
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Figure 3. XPS spectra for the samples as marked (a), C 1s spectra of
the neat C-fabrics (b), neat RGO (c), and RGO fabrics (d).

species (~284.6 eV) in all the three samples.>® Compared to
the neat C-fabrics, RGO fabrics presented slightly increased C—
O (~286.1 eV) species due to the presence of RGO aerogels as
expected (Table S1). Such species, which refer to oxygen-
containing functional groups (carboxyl and hydroxyl groups as
examples), mainly contribute to the increase of specific
capacitance via pseudocapacitive interactions.*”**** Moreover,
observation in Supporting Information, Figure S1 suggests that
the connection between RGO aerogel and C-fabrics is mainly
associated with the generation of hydrogen bonding due to the
presence of carboxyl groups along with hydroxyl groups in both
GO and C-fabrics. Compared to the neat RGO, on the other
hand, increased amount of N element observed in the RGO
fabrics was mainly due to the N element in the introduced C-
fabrics (Table S1). Accordingly, different types of nitrogen-
containing functional groups in the neat C-fabrics and RGO
fabrics indicate that the dominant peaks at 400.6 and 398.1 eV
are associated with quaternary N (N-Q) and pyridine (N-6)
species, respectively (Supporting Information, Figure §2). 54142
In general, the presence of increased positively charged N-Q
could improve the electron transfer in the electrode.”*"*
Therefore, the XPS results suggest that the binary 3D
architectures may hold the advantages of both oxygen- and
nitrogen-containing functional groups from the RGO aerogels
and C-fabrics, respectively, which may contribute to improved
electrochemical performance. Further Raman characterizations
suggest typical broad G-band (~1585 cm™) and D-band
(~1350 cm™) in the RGO fabrics, which indicate the features
from both neat RGO aerogel and neat C-fabrics as expected
(Supporting Information, Figure S3).

The nitrogen adsorption—desorption isotherms of the three
samples are exhibited in Figure 4a. The total surface area (S
and surface area of micropores (S,;.,) were calculated from
multipoint Brumauer—Emmett—Teller (BET) plot and V—t
plot, respectively. Surface area of mesopore and macropore
(Smesormacro) Was obtained by subtracting Spro from Syo,. Total
pore volume (Vi) was determined at P/P, = 0.99, and
micropore volume (V,,) was obtained from V-t plot
(Supporting Information, Table S2). According to Figure 4a,
it is clear to observe strong adsorption below the relative
pressure of P/Py = 0.1 in the RGO fabrics, consistent with the
observation in the neat C-fabrics, which suggests a feature of
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Figure 4. N, adsorption—desorption isotherms of the samples as
marked. (a) Pore size distribution of the samples as marked (b).

micropore filling.*>** In the relative pressure range of 0.1—0.5
along with gradually decreased slope above 0.5, both the RGO
fabrics and neat C-fabrics present a typical IV isotherm with the
hysteresis loop feature of mesopores. In the relative pressure
range of P/P; > 0.9, a tail was found in the isotherm of the
RGO fabrics, which is consistent with a sharp nitrogen uptake
in the neat RGO aerogels (Figure 4a), suggesting a feature of
macropores.** Accordingly, the surface area of micropores was
calculated to be 287.3 m* g™' out of 322.6 m* g™ (total surface
area) in the RGO fabrics (Table S2), indicating a significant
increase in comparison with that in the neat RGO (total surface
area ~ 174.4 m* g '). The observation suggests that the RGO
fabrics (1S wt % RGO) present smaller specific surface area

than the neat C-fabrics, which is mainly associated with the
changes of the carbon configurations and nanostructures in the
C-fabrics upon the acid treatment, subsequent reduction, and
thermal annealing processes.>” As shown in Figure 4b, the pore
size distribution was calculated from density functional theory.
Although RGO fabrics demonstrate a peak at ~4 nm (Figure
4b), the estimated average pore size was calculated to be 2.253
nm, due to the major feature of micropores (<2 nm). This
value is similar to that of the neat C-fabrics (2.37 nm), which is
also in the majority of micropores, but different from that of the
neat RGO aerogel (4.88 nm) as expected. Consequently, the
results here indicate that the employment of C-fabrics in the
RGO aerogels has substantially increased the surface area via
preventing RGO restacking in the formation of aerogels as well
as increasing the micropores.

Apart from the observation in the interface improvement via
generating the binary 3D frameworks, combined results of XPS
and nitrogen adsorption—desorption analysis further imply that
the resulting RGO fabrics of unique porous nanostructures and
chemical compositions are expected to deliver enhanced
electrochemical properties in the corresponding energy-storage
devices.

For the electrochemical measurements, the samples were
fabricated into the electrodes, followed by being assembled in a
three-electrode system (6 mol L' KOH aqueous solution as
the electrolyte). Figure Sa shows the typical cyclic voltammetry
(CV) curves of the samples at 5 mV s™'. The curves
demonstrate a quasi-rectangular shape with slight distortion,
which is induced by the pseudocapacitance with the presence of
oxygen-containing functional groups. In comparison with the
neat RGO aerogels and neat C-fabrics, the binary 3D
architectures (RGO fabrics) apparently have a much larger
area (Figure Sa), indicating enhanced energy-storage capability.
As exhibited in Figure Sb, the galvanostatic charge—discharge
curves of the samples (at current density of 0.6 A g™') and the
almost isosceles triangles illustrate typical double-layer
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Figure 5. CV curves of the samples as marked (a); typical galvanostatic charge—discharge curves of the samples at current density of 0.6 A g™' (b);
specific capacitance of the samples at different current densities (c); Nyquist plots for the samples at a direct current bias of 0 V with a sinusoidal
signal of 10 mV over the frequency range 100 kHz to 0.01 Hz (d); CV curves of the RGO fabrics at different scanning rates (e); Cycling stability of

the RGO fabrics in the three-electrode system (f).
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Figure 6. Fabrication of flexible all-solid-state devices based on RGO fabrics (a); CV curves of the flexible device at different bending angles (b); CV
curves of the flexible device at different scanning rates (c); typical galvanostatic charge—discharge curves of the flexible device at different current
densities (d); Nyquist plots for the flexible device (e); specific capacitance of the flexible device at different current densities (f); cycling stability of

the flexible device (g).

capacitance with no obvious voltage drop (IR drop). Therefore,
the results also suggest that the employment of C-fabrics in the
RGO aerogels enables the RGO fabrics to present improved
specific capacitance. As plotted in Figure Sc, the specific
capacities at different current densities demonstrate that the
RGO fabrics possess the highest capacities, approaching 391,
229, and 195 F g™" at current densities of 0.1, 1, and 5 A g7,
respectively. These values were observed to be substantially
higher than those in both of the neat C-fabrics and neat RGO
aerogels (Figure Sc). Consequently, such considerable enhance-
ment in the energy storage should be associated with the
synergy effects based on the binary 3D architectures.

For fundamentally understanding the mechanisms in the
impact of binary 3D architectures on the charge transport/
diffusion, electrochemical impedance spectroscopy (EIS) in
Figure 5d shows the typical Nyquist plots of the samples.
Accordingly, the Nyquist plots were further fitted with the
equivalent circuit (Supportin§ Information, Figure S4) by the
model in the previous work,™*® and the corresponding fitted
parameters were listed in Supporting Information, Table S3. At
higher frequency (>10 kHz), the intersection points on the real
axis, which is mainly associated with ohmic resistance of the
electrolyte and internal resistance of the electrode,** exhibit
very similar values at ~1.2—14 Ohm for all three samples,
which is in good agreement with the fitted parameter R; in
Table S3. In the range from high- to midfrequency, the
semicircular curves, referring to the interfacial charge transfer
resistance (Rcp) and double-layer capacitance (Cpy),**
indicate that the values were estimated to be 0.9, 1.2, and 2.0
Ohm for the neat C-fabrics, RGO fabrics, and neat RGO,
respectively (Figure 5d). At the lower frequency, the long tails
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in the Nyquist plots demonstrate that the RGO fabrics possess
the highest slope, indicating the optimized polarizable
capacitance among the three samples. Thes EIS results suggest
that, although the impedance of the RGO fabrics has been
slightly increased due to the residual oxygen-containing
functional groups in the RGO (Figure 3), much improved
ionic transport for the formation of electrical double layers has
been achieved via the establishment of binary 3D architectures
(Table S3).

As shown in Figure Se, CV curves for the RGO-fabric
electrode at different scanning rates were separately exhibited,
presenting enlarged area with increasing scanning rate as
expected. Such electrode was further applied to 10,000 cycles at
the current density of 3 A g, which shows excellent cycling
stability (retention up to 92% after cycles).

The binary 3D architectures were further processed into a
symmetrical two-electrode system to fabricate a flexible all-
solid-state supercapacitor. In a preparation of the flexible
devices (Figure 6a), a single electrode was initially fabricated by
compressing the electrode materials into two pieces of nickel
foams. Two as-prepared electrodes with a separator in between
were stacked and further immersed into a PVA aqueous
solution, followed by adding KOH aqueous solution. The PVA-
based gel settled for 2 d, allowing them to form a robust flexible
all-solid-state device (Figure 6a). Figure 6b illustrates the CV
curves of the flexible device under bending conditions, and no
significant change was observed at different bending angles,
indicating excellent capacitance retention upon external stress.
As shown in Figure 6¢, CV curves present a typical double-layer
capacitive behavior at different current densities, and redox
peaks associated with functional groups have been slightly
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suppressed. According to the galvanostatic charge/discharge
curves in Figure 6d, similar isosceles triangles at different
current densities were also observed. In the two-electrode
system, the specific capacitance was calculated by the equation
of C; = 41 X t/V/m, where m is the mass of the total active
material of the two electrodes. In Figure 6e, the electrochemical
impedance spectroscopy shows only slightly increased
impedance (~1.8 Ohm) in the flexible all-solid-state super-
capacitor, compared to the values found in the three-electrode
system. The vertical line in the low-frequency region also
indicates the fast ionic transport in the solid-state PVA/KOH
electrolyte (Figure 6e). Plotted in Figure 6f is the specific
capacitance at different current densities, suggesting the highest
capacity up to 245 F g~' at 0.1 A ¢g~'. Additionally, the all-solid-
state supercapacitor also presented good cycling stability with
90% retention after 10 000 cycles at a current density of 2 A g™*
(Figure 6g).

As aforementioned, comparison of Figures Se and 6¢
suggests that the distorted rectangular shape induced by the
pseudocapacitance (associated with oxygen-containing func-
tional groups) in the three-electrode system has been
suppressed in the two-electrode system. Such suppression has
also been found in the other similar solid KOH/PVA-based
two-electrode systems,>” but the mechanism is still not clear.
Probably, the hydrogen bonding between the alcohol groups in
PVA and oxygen-containing functional groups in the carbon
materials might reduce the pseudocapacitive interaction in the
basic all-solid-state capacitors. Apparently, the related mecha-
nism requires more specific investigations in the near future.

Specific capacitance of the recently reported graphene-based
and aerogel-like structures in the three-electrode and two-
electrode systems is given in Supporting Information, Tables S4
and S5, respectively. The electrochemical performance of the
RGO fabrics in both three-electrode and two-electrode systems
competes well and is even higher than that of some typical
graphene-based nanostructures (Tables S4 and SS). Moreover,
the Ragone chart of the all-solid-state supercapacitors suggests
that the performance of the RGO fabrics here is also
competitive to or even larger than some typical graphene-
based nanostructures (Supporting Information, Figure SS).
According to the above comparison, the strategy in this work
obviously indicates room for more improvement, including
modifying the GO quality and concentration, tuning the porous
structures, and optimizing the channels and impedance for
ionic and electronic transport, whereby advanced carbon-based
energy-storage devices may be achieved. Nonetheless, the
synergy effects by using C-fabrics to engineer the interface,
nanostructure, and electrochemical performance of the RGO
aerogels have suggested a highly promising way to design and
optimize the carbon-based energy-storage electrodes and
devices. More importantly, in the traditional methods of
introducing carbon spacers®~>7*** into the graphene-based
aerogels, the 3D graphene frameworks are known to play the
crucial role in the formation of the main skeletons, whose
mechanical stability might be diminished due to the introduced
spacers.”” However, in this work, the mechanical stability of the
resulting binary 3D porous architectures is dominantly
determined by the robust C-fabrics (Figure 2), and thus
related concerns could be completely avoided. Meanwhile,
associated issues can be further improved by substituting the C-
fabrics with other 3D fabrics of specific properties, and thereby
the binary 3D architectures with more special performance
could be envisaged. As a consequence, the utilization of a 3D
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skeleton for engineering 3D graphene framework highlights a
versatile platform for the facile preparation of novel binary 3D
porous architectures. Specifically, such exclusive strategy could
be widely applied to many other fields, where robust 3D porous
architectures of unique properties are required.

B CONCLUSIONS

In summary, we have demonstrated a simple and versatile
approach toward fabricating a novel binary 3D porous
architecture, where 3D porous carbon fabrics served as the
skeleton in the formation of the RGO aerogels. The results
indicate that employment of carbon fabrics plays the significant
role in engineering the interface, nanostructure, and electro-
chemical performance of the RGO aerogels. The fundamental
mechanisms for the enhancement in the energy storage suggest
that the strategy for interfacial engineering has promised a
unique platform to substantially improve interfaces and related
transport properties in various 3D porous structures, showing
great application potential in many fields.

B EXPERIMENTAL SECTION

Chemicals. Graphite powder was supplied by Sigma-Aldrich.
Concentrated sulfuric acid (H,SO,, 98%), nitric acid (HNO;, 70%),
sodium nitrate (NaNO;, AR), potassium permanganate (KMnO,,
AR), hydrogen peroxide (H,0,, 38%), hydrochloric acid (HC, 38%),
ethanol (AR), hydroquinone (AR), and poly(vinyl alcohol) (PVA, M,
> 80000, hydrolyzed) were purchased from Beijing Chemicals Co.
Ltd. C-fabrics of large surface area (~1111 m* g™*) were commercially
provided by Fanghua Institute (parameters and feature available in the
text).

Graphene Oxide. GO was prepared according to the modified
Hummers method.*” In brief, commercial graphite (2 g) and NaNO,
powders (1 g) were added into concentrated H,SO, (120 M) in an
ice bath and the mixture was kept at 0 °C for 1 h, followed by adding
KMnO, (6 g) gradually (Caution: must be slowly added.). After
stirring for 2h, the mixture was heated and kept at 30 °C for 0.5 h.
Subsequently, water (150 mL) was dropwise added, followed by
adding H,0, (5%, SO mL). Finally, the solution was washed with water
and HCI (5%) to obtain the GO aqueous solution.

RGO-Fabric Binary Three-Dimensional Architectures. In the
typical preparation of RGO fabrics, C-fabrics were first treated in the
solution of H,SO, and HNO; (vol/vol = 3:1) under sonication for 1 h
to improve the hydrophilicity. A piece of the acid-treated C-fabrics was
positioned in the GO aqueous solution (S mg/mL) under sonication
for 2 h, followed by adding hydroquinone with a mass ratio of 1:5
(GO/hydroquinone). Until a stable solution was achieved, the extra
solution above the C-fabrics was carefully removed, and the remaining
mixture was sealed in a box. Subsequently, the sealed box was heated
to 100 °C for 12 h in a vacuum oven, allowing GO to be in situ self-
assembled into hydrogels. After the oven was cooled to room
temperature, the product was washed with water and then immersed in
1 L water for 2 d to remove the chemical residues. The sample was
further freeze-dried to achieve aerogel-like dried product, and it was
thermally annealed at 300 °C for 1 h with the protection of nitrogen
atmosphere. The mass ratio of the C-fabrics to RGO was estimated to
be 16:3 prior to 300 °C thermal annealing. In the thermal annealing at
300 °C, the mass retention for the neat RGO and acid-treated C-
fabrics was estimated to be 92.6% and 86%, respectively. Hence, the
mass loading of the C-fabrics in the resulting RGO fabrics was
estimated to be ~85%. For the reference samples, neat RGO aerogels
were prepared with the same conditions expect for the use of C-fabrics.

Characterizations. Field-emission SEM was conducted on ZEISS
supra SS system, and TEM was performed on JEOL JEM-2010. The
nitrogen absorption/desorption isotherms associated with specific
surface area and pore diameter distribution data were investigated on
an Autosorb-iQ2-MP (Quantachrome) analyzer under 77 K. XPS
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spectra were acquired on PHI-5300 system. Raman spectrum was
obtained on HR800 (Horiba JobinYvon) with a 514.5 nm Ar-ion laser.

Electrochemical Characterizations (Three-Electrode Sys-
tem). The electrochemical performance of the samples was
determined in a three-electrode system with basic aqueous solutions.
The working electrode was prepared by mixing the samples, acetylene
black with poly(tetrafluoroethylene) in a mass ratio of 80:15:5, and
then the mixture was pressed onto a piece of nickel foam. The typical
mass and dimensions of the working electrodes are 5 mg and 1 cm?
For the three-electrode system, Pt and Hg/HgO electrodes were used
as the counter electrode and reference electrode, respectively, while
the KOH solution (6 mol L™') was employed as the electrolyte.
Galvanostatic charge/discharge was tested at various current densities
using LAND-CT2001A (Wuhan Jinnuo Electronics. Ltd.). CV and EIS
were carried out using a CHI660C electrochemical workstation (CH
Instruments, Inc.).

Electrochemical Characterizations (Two-Electrode Devices).
The electrochemical performance of the RGO fabrics was further
determined in an all-solid-state two-electrode device. In a typical
preparation of the electrode (Figure 6a), the electrode materials were
directly compressed into two pieces of nickel foams under the pressure
of 10 MPa. The electrode was connected to a Pt wire to form the
working electrode. In a preparation of the flexible devices, PVA
powder (2 g) was initially dissolved in the distilled water (20 mL)
under vigorous stirring at 85 °C. Until a stable PVA aqueous solution
was formed, two working electrodes with a separator in between were
stacked and further immersed into PVA aqueous solution, followed by
adding excess KOH aqueous solution (6 mol L™"). The PVA-based gel
settled for 2 d, allowing it to form a robust flexible all-solid-state device
(Figure 6a). In the bending test, the flexible device was bent to
different angles, while the CV curves were recorded. The specific
capacitance was calculated according to the equation of C, =1 X t/V/
m, where C, (F g™") is the specific capacity, I (A g') is the response
current density, t (s) is the discharge time, V (V) is the potential, and
m (g) is the mass of active material. The specific energy density (E)
and power density (P) are given as E = C; X V*/7.2 (Wh kg™') and P
= E X 3600/t (W kg™'), respectively.

B ASSOCIATED CONTENT

© Supporting Information

Additional SEM images, Raman spectra, XPS data, Ragone
chart, parameters of the specific surface area, fitted values for
equivalent circuit of impedance spectra, comparison of
electrochemical performance for the graphene-based and
aerogel-like nanostructures, and additional references. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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