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ABSTRACT: Carbon textiles are promising electrode materials for wearable
energy storage devices owing to their conductive, flexible, and lightweight
features. However, there still lacks a perfect choice for high-performance
carbon textile electrodes with sufficient electrochemical activity. Graphene
fiber fabrics (GFFs) are newly discovered carbon textiles, exhibiting various
attractive properties, especially a large variability on the microstructure. Here
we report the fabrication of hierarchical GFFs with significantly enlarged
specific surface area using a hydrothermal activation strategy. By carefully
optimize the activation process, the hydrothermally activated graphene fiber
fabrics (HAGFFs) could achieve an areal capacitance of 1060 mF cm−2 in a
very thin thickness (150 μm) and the capacitance is easily magnified by
overlaying several layers of HAGFFs, even up to a record value of 7398 mF
cm−2. Meanwhile, a good rate capability and a long cycle life are also attained.
As compared with other carbon textiles, including the commercial carbon fiber cloths, our HAGFFs present much better
capacitive performance. Therefore, the mechanically stable, flexible, conductive, and highly active HAGFFs have provided
an option for high-performance textile electrodes.

KEYWORDS: graphene fiber fabrics, supercapacitors, textile electrodes, hydrothermal activation, hierarchical structure,
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Carbon textiles are of great promise as electrodes in
wearable energy storage devices because of their high
conductivity and flexibility, network structure, low

cost, and a lightweight attribute.1−3 Supercapacitors are
characterized with high power density, fast charge/discharge
rate, and long lifetime as well as a less complex configuration as
compared with batteries.4−6 The application of carbon textiles
in supercapacitors has been intensively studied.2,3,7,8

Typically, the state-of-the-art carbon textile electrodes could
be divided into three categories: (1) carbon coated textiles
obtained by conformal coating carbon materials (CNTs,
graphene, etc.) on flexible yet isolating substrates such as
cellulose papers, cotton fabrics, polymeric wovens/nonwovens,
and so on;9−14 (2) carbonized textiles originating from cotton
or polymeric mats/cloths;15−19 and (3) commercial carbon
fiber cloths and their activated forms.20−23 Although they are at
low cost, the present carbon textiles have their own
disadvantages. For the carbon-coated textiles, the non-
electroactive substrates seriously undermine the overall
performance of the hybrid electrodes, while the detachment
of active carbons is a typical issue that degrades the durability
and cycle life of the electrodes. The carbonized textiles usually

suffer from poor mechanical stability of the textile structure.
Currently, the commercial carbon fiber cloths are the most
popular carbon textile electrodes because of their good
mechanical and conductive properties. However, their
capacitive performance is relatively low, in term of limited
specific capacitances, which is mainly attributed to the poor
electrochemical activity of carbon fibers. Up to now, the
discovery of high-performance carbon textile electrodes with
sufficient electrochemical activity is still challenging.
The nonwoven graphene fiber fabric (GFF), reported by our

group recently, is a new member of the big family of carbon
textiles. With a network structure of interfused graphene fibers,
the GFFs are flexible, robust, and highly conductive.24 Since
graphene fibers have attracted extensive attention as perfect
fiber electrodes for wearable supercapacitors,25−31 the GFFs
could offer a potential choice for high-performance textile
electrodes. In addition, the characteristics of 2D graphene
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sheets provide possibilities for easy control on the micro-
structure of GFFs, facilitating a further activation procedure for
enhanced electrochemical activity.
One direct way for activating carbon textiles is to increase

their specific surface area (SSA).21,22,32 Here, through a
hydrothermal activation strategy, we fabricated electrochemi-
cally active GFFs with a hierarchical morphology. In such a
process, crumpling of the graphene sheets within graphene
fibers made for efficient activation on GFFs with largely
increased SSA. Meanwhile, the microstructure of the activated
GFFs could be precisely controlled by adjusting the activation
conditions. As a result, a single layer (150 μm) of hydro-
thermally activated GFF (HAGFF) showed a maximum areal
capacitance (an important parameter for evaluation of textile
electrodes in practice) of 1060 mF cm−2, which is more than 3
times higher than that of the untreated regular GFFs, and

significantly outperforms previous carbon textile electrodes.
Besides, a good rate capability, a long cycle life (50000 charge/
discharge cycles), as well as an energy density of 23.5 μWh
cm−2 and a power density of 26.3 mW cm−2 were also achieved.
Moreover, an areal capacitance as high as 7398 mF cm−2 was
attained by stacking 5 layers of the HAGFFs (5 × 200 μm).
The structural durability of the HAGFF electrodes was also
demonstrated in a flexible all-solid-state supercapacitor. In
combination with mechanical stability, flexibility, conductivity,
and electrochemical activity, our HAGFFs make a promising
candidate for high-performance textile electrodes.

RESULTS AND DISCUSSION
Our fabrication and activation procedure for HAGFFs is
illustrated in Figure 1a, including three main steps: (i) the wet-
spun GO fibers after fully dried at a mild temperature were

Figure 1. (a) Schematic illustration of the hydrothermal activation process for HAGFF with a hierarchical structure. TEM images focused at
the edge of the hierarchical fiber within HAGFF at (b) low and (c) high magnification.

Figure 2. Photographs of (a) regular GOFF, (b) HAGFF, and (c) HAGFF in the bending state. SEM images of (d−f) GOFF and (g−i)
HAGFF under different magnifications.
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taken to hydrothermal treatment for 10 h; (ii) the partially
reduced GO (rGO) gel fibers were then cut into microfiber
staples via high-speed shearing in water, followed by a filtration
process to form a nonwoven fabric; (iii) the wet product was
finally air-dried allowing for the formation of the HAGFFs with
hierarchical morphology, in term of highly wrinkled micro-
structures. As evidenced by the transmission electron
microscopy (TEM) images (Figure 1b,c), the constituent
graphene fibers after hydrothermal activation are formed by
stacking the crumpled graphene sheets. The thickness of the
rough shell is about 300 nm as indicated in Figure 1b. For
comparison, we made regular GOFFs (GO fiber fabrics before
reduction) and GFFs (reduced GOFFs) as control samples,
following a similar procedure for HAGFF, but without
hydrothermal treatment before fabric formation (see details
in the experimental section).
It is worth mentioning that although we mainly focused on

the final product of HAGFFs in the current study, the
hydrothermal activation strategy is primarily an efficient
approach for acquiring hierarchical graphene fibers from
ordinary ones. On the basis of the well-established continuous
wet-spinning technique,33,34 our strategy is more readily
scalable as compared with the previous dimensionally confined
hydrothermal strategy,35 as the latter is performed on a limited
amount of GO suspension, rather than massive as-spun GO
fibers. Actually, the fabrication of GFFs relies heavily on such a
large-scale production capacity.
Since the hydrothermal process is known to reduce GO

materials,36−38 the change of appearance from dark brown
(GOFF) to black (HAGFF) is indicative of the reduction of
GO fibers (Figure 2a,b). Figure 2c shows that the resultant
HAGFF is flexible enough to be bent to 180°, originating from
its stable fabric construction, as well as the flexibility of the
activated graphene fibers. A textile feature (an open framework
that is permeable to light) is also seen in Figure 2c. The
scanning electron microscopy (SEM) images (Figure 2d−i)
present the difference between GOFF and HAGFF in their
microstructure. Evidently, the rGO fibers in HAGFF exhibit
massive wrinkled microstructures spreading on the fiber surface
(Figure 2g−i). By contrast, the fibers in GOFF are of much
lower roughness (Figure 2d−f). Therefore, the HAGFF is
proven to have a hierarchical morphology after hydrothermal

activation; meanwhile, its flexibility is retained. More
specifically, the structural hierarchy of HAGFF could be
divided into three levels from the macro- to the nanoscale:
fiber network with large open pores, randomly oriented
graphene fibers, and fine wrinkled substructures on the surface
and within the fibers.
The X-ray photoelectron spectroscopy (XPS) survey (Figure

3a) certifies the hydrothermal reduction on HAGFF, evidenced
by the increased C/O ratio as compared with that of the regular
GOFF (from 2.0 of GOFF to 4.3 of HAGFF). Detailed
elemental analysis of C and O content is provided in Table S1.
The comparison of the high resolution C 1s and O 1s spectra
indicate the significant loss of functional groups in HAGFF. As
shown in Figure 3b, the C 1s spectra were deconvoluted into
four peaks, corresponding to C−C (284.8 eV), C−O (286.3
eV), CO (287.2 eV), and O−CO (288.5 eV), respectively.
After hydrothermal treatment, the content of the oxygen-
containing functional groups reduced sharply and the CO
groups were barely seen in the spectra of HAGFF. Similarly, the
O 1s spectra of HAGFF also reveal a weakened signal relative
to the GOFF (Figure S1), which can be deconvoluted into two
groups: singly bonded oxygen (533.0 eV) and doubly bonded
oxygen (531.5 eV).39,40 Figure 3c shows the X-ray diffraction
(XRD) patterns of GOFF and HAGFF. According with the
XPS results, the characteristic peak of GOFF at about 10.7°
(corresponding to an interlayer spacing of 8.6 Å) is attributed
to the existence of a large amount of oxidative groups, which
are mostly eliminated in HAGFF, revealed by the absence of
such a sharp peak. The restacking of rGO sheets caused by
reduction led to the appearance of the (002) diffraction peak
(∼24.5°, d-spacing = 3.7 Å), the broad span is indicative of a
disordered stacking resulting from the highly wrinkled graphene
sheets. In addition, an inconspicuous difference is seen in
Raman spectra between GOFF and HAGFF, but a slight
decrease of the D:G peak intensity ratio from 1.9 to 1.7 is found
(Figure 3d). Distinct from the destructive activation on carbon
fibers,22 in our case, Raman results reveal that the sp2 structure
of graphene sheets is partially recovered via hydrothermal
treatment, which is consistent with some other referen-
ces.36,41,42 The N2 adsorption−desorption isotherms and pore
size distribution of GOFF and HAGFF are shown in Figure 3
panels e and f. Both the GOFF and HAGFF exhibit Type IV

Figure 3. Characterization of regular GOFF and HAGFF: (a) XPS spectra, (b) C 1s spectra, (c) XRD patterns, (d) Raman spectra, (e)
nitrogen adsorption isotherms collected at 77 K, and (f) pore size distribution.
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adsorption (Figure 3e). The Brunauer−Emmett−Teller (BET)
surface area of GOFF is 52 m2 g−1, while the SSA of HAGFF is
significantly increased to 245 m2 g−1 (about 370% higher) upon
hydrothermal activation. The steep uptake at low relative
pressure (P/P0 < 0.1) in the N2 adsorption−desorption
isotherms is indicative of a large number of micropores (<2
nm) within the fibers, and the hysteresis loop located at 0.4 <
P/P0 < 1 suggests the presence of mesopores (2−50 nm),43,44

which are both more abundant in the activated HAGFF.
Additionally, the pore size distribution was calculated by the
nonlocal density function theory (NLDFT) method for
micropores and the Barrett−Joyner−Halenda (BJH) method
for mesopores.15 It confirms that most of the pore structures
fall in the range below 10 nm (Figure 3f). The BET results are
in accordance with the morphological observation. They
collectively demonstrate that the hierarchical morphology
induced by hydrothermal activation has led to a considerably
larger surface area and pore volume in the HAGFF, which may
enhance the activity of GFFs in their electrode applications.
Former studies indicated that hydrothermally treated GO

aqueous solution would give rise to a high density monolith
after ambient drying.35,41,45−47 However, hydrothermal treat-
ment on solid graphene assemblies, as being an activation
protocol for as-formed fibers/films/fabrics, was never reported.
More significantly, we believe it could become a general

activation strategy for various densely packed GO-based
assemblies, through inducing wrinkled substructures therein.
Regarding this, comprehensive understanding of the structural
evolution of graphene fibers during the hydrothermal activation
process is critical for precise control on the resultant
hierarchical morphology.
In Figure 4a, we proposed a mechanism for the formation of

hierarchical fiber structure via hydrothermal activation, which is
technically applicable to many GO-based assemblies, as long as
the hydrophilicity of the GO sheets is well-preserved.
Generally, the structural evolution could be divided into four
stages: (1) first, GO fibers were spun and predried exhibiting a
compact and lamellar morphology in the cross section (Figure
4b). (2i) While the fibers were taken to hydrothermal
treatment, the hydrophilic fibers should swell quickly as soon
as their contact with water. The freeze-dried GO fibers in stage
2i showed apparently expanded fiber diameter (from ∼10.7 μm
to ∼42.5 μm, Figure 4f) and highly porous inner-fiber structure,
indicative of a thorough swelling (Figure 4c) in the initial stage
of the hydrothermal process. (2ii) After being heated at 150 °C
for 10 h, the fibers were partially reduced and shrunk to a
certain extent (∼28.9 μm) (Figure 4d,f), because of the
decreased electrostatic repulsion and enhanced hydrophobic
interaction among rGO sheets due to hydrothermal reduction.
(3) Finally, the drying process in ambient condition generated

Figure 4. (a) Schematic diagram showing the structural evolution of graphene fibers during the hydrothermal activation process. Cross-
sectional SEM images of graphene fibers in the corresponding stages: (b) as-spun GO fiber (1); (c) swelled GO gel fiber at the beginning of
hydrothermal treatment (2i); (d) rGO gel fiber at the end of hydrothermal treatment (2ii), and (e) the resulted hierarchical rGO fiber after
air-drying (3); (f) variation of the fiber diameter during hydrothermal activation; (g) surface and (h) sectional topography of activated
graphene fibers at high magnification.
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tremendous wrinkles on the rGO sheets and resulted in the
hierarchical morphology (Figure 4e), which is similar to that in
the literature which reports the fabrication of high density
graphene monoliths,41,45,46 and the crumpling of rGO sheets is
thought to be originated from the thermally generated strain on
graphene sheets.48 Different from the as-spun fibers possessing
a nearly face-to-face stacking of flat GO sheets, the corrugation
of rGO sheets may lead to higher roughness on the fiber surface
(Figure 4g) and larger pore volume inside the fiber (Figure 4h);
both contribute to the increased SSA. In the meantime, the
close stacking of the crumpled rGO sheets, reflected by the

slightly increased fiber diameter (Figure 4f and Figure S2),
ensures a certain conductivity within the fiber.
By taking full advantage of their swelling behavior, the

compact GO assemblies could be hydrothermally activated.
Therefore, the predrying (affecting the hydrophilicity of GO)
and hydrothermal treatment are two key processes determining
the geometry of the final products. In our current study, the
temperature for the two processes is carefully optimized. We
chose 60−100 °C for predrying and 120−150 °C for
hydrothermal treatment. The corresponding HAGFFs are
denoted as xHTy, where x indicates the predrying temperature
and y indicates the hydrothermal treatment temperature,

Figure 5. Effects of predrying and hydrothermal treatment conditions on the morphology of the resulting HAGFFs. SEM images of activated
GFFs under different treatment conditions: (a−c) 60HT150, 60 °C predried and 150 °C hydrothermally treated; (d−f) 100HT150, 100 °C
predried and 150 °C hydrothermally treated; and (g−i) 100HT120, 100 °C predried and 120 °C hydrothermally treated.

Figure 6. Variation of interfiber fusion degree in different activating conditions. Upper row: photos of the products obtained in the indicated
conditions. Bottom row: SEM images showing the over fusion in 60HT120 and fused junctions in 80HT120 and 60HT150.
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respectively. Generally, a higher predrying temperature may
reduce the swelling degree of the GO fiber (Figure S3), and
thus has negative effect on the activation, evidenced by the
weakened wrinkling in 100HT150 as compared with 60HT150
(Figure 5a−f). On the other hand, hydrothermal treatment at
lower temperature will also generate less crumples, as reflected
in 100HT120 (Figure 5g−i).
As discussed in our previous work, the interfusion between

graphene fibers is the key to realize high-performance GFFs.24

For the fabrication of HAGFFs, a proper interfiber fusion
should also be taken into consideration, since the fused
junctions guarantee the structural stability and conductivity of
the fabrics. The fusion degree between fibers could be readily
controlled by adjusting the two critical temperatures. When the
predrying temperature increases, the interfusion between fibers
is impeded, and the increase of hydrothermal treating
temperature shows the same trend (Figure 6). There are two
extreme cases: (1) fibers in 60HT120 were overfused which led
to the miss of a network structure, and got a less porous paper-
like product; (2) fibers in 100HT150 were completely not
fused and thus failed to obtain a fabric. In 80HT120 and
60HT150, the activated fibers were appropriately interfused.
More details are shown in Figure S4. In overall consideration of
the microstructure and interfiber fusion of the activated fibers,
the optimum conditions for HAGFFs were set as 60 °C
predrying and 150 °C hydrothermal treatment. Thus, the
mechanically stable, flexible, and electrochemically active
HAGFFs could be realized.
Benefiting from the well-constructed hierarchical structure,

the activated fabrics with increased SSA are promising for
electrodes in electrochemical double-layer capacitors (EDLCs).

The HAGFFs were further reduced by hydrazine hydrate
(N2H4) to improve the conductivity, achieving a better value
(∼4 S m−1) than that of the activated carbon fiber cloths
reported in the literature.49 XRD, Raman, and XPS spectra of
the N2H4 reduced HAGFFs are shown in Figure S5.
The electrochemical performance of HAGFF was inves-

tigated in a conventional two-electrode system, with 1 M
H2SO4 as the aqueous electrolyte solution. The cyclic
voltammetry (CV) curves of HAGFF electrodes at various
scan rates from 10 to 100 mV s−1 are presented in Figure 7a,
showing a nearly rectangular shape with good symmetry.
Meanwhile, the shape of CV curves is maintained at high scan
rates even up to 100 mV s−1, indicating a good conductivity of
the EDLC electrodes. The galvanostatic charge−discharge
(GCD) curves of HAGFF acquired at current densities ranging
from 1 to 10 mA cm−2 exhibit a symmetrical profile, as well as
insignificant IR drop (only 0.0013 V at 10 mA cm−2), also
representing an extremely low internal resistance in the EDLC
system (Figure 7b). Figure 7c shows the comparison of CV
curves of HAGFF and GFF collected at 20 mV s−1. The
enclosed area is visibly larger in the CV curve of HAGFF,
demonstrating a better energy storage ability for the activated
hierarchical fabrics. The GCD curves further confirm the
superior capacitive performance of HAGFF electrodes by the
substantially prolonged discharge time (Figure 7d). The
calculated gravimetric and areal capacitance provided quantita-
tive evidence of better capacitive behavior in HAGFF. The
specific capacitance values of HAGFF are all above those of
GFF. The specific gravimetric capacitance (CG) of HAGFF
reaches a value of 244 F g−1 at a current density of 0.1 A g−1

(Figure 7e). Notably, the specific areal capacitance (CA) of

Figure 7. Electrochemical performance of the HAGFF electrodes as compared to that of the GFF electrodes: (a) CV curves of HAGFF at scan
rates from 10 to 100 mV s−1; (b) GCD curves of HAGFF at charging/discharging current densities from 1 to 10 mA cm−2; (c) comparison of
the CV curves of HAGFF and GFF collected at 20 mV s−1; (d) single cycle of GCD curves at 5 mA cm−2 for HAGFF and GFF; (e) calculated
CG of HAGFF and GFF; (f) CA of HAGFF and GFF; (g) Ragone plots of HAGFF and GFF electrodes based supercapacitors; (h) cycling
behavior of HAGFF at 1 A g−1 for 50000 cycles; (i) CA of HAGFF electrodes with various thicknesses.
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HAGFF (1060 mF cm−2 at 1 mA cm−2) is higher than most of
the carbon textile electrodes (Figure 7f). By the way, the
calculation of CA is normally on the basis of the geometric area
of the electrodes, since such a capacitance value is of practical
meaning for their application in wearable devices, as is normally
done by others.2 For regular GFF, its CA of 334 mF cm−2 is
three times lower than that of HAGFF. The specific capacitance
of HAGFF decreases with increasing current density, but still, it
shows good rate performance with retention of 84% and 68%
for CG and CA, respectively, while the current densities increase
to 100 times higher (from 0.1 A g−1 to 10 A g−1 for CG and
from 1 mA cm−2 to 100 mA cm−2 for CA). Ragone plots of
energy density versus power density for the symmetric
supercapacitors based on HAGFF and GFF are provided in
Figure 7g. Clearly with higher performance than the GFF based
supercapacitor, the HAGFF based one has the maximum areal
energy density (EA) of 23.5 μWh cm−2 at a current density of 1
mA cm−2, while its areal power density (PA) could reach 26.3
mW cm−2 when the current density increases to 200 mA cm−2,
much better than those of previously reported textile-based
supercapacitors.10,11 The gravimetric and volumetric energy
density and power density of the HAGFF-based device are also
presented in the Supporting Information (Figure S6), showing
higher values than those achieved in the supercapacitors
assembled with activated carbon fiber cloth electrodes.21,22

Electrochemical impedance spectroscopy (EIS) shown in
Figure S7 is helpful for investigating the electrochemical
process. The nearly vertical curves in the low-frequency region
are indicative of ideal capacitive behavior in both GFF and
HAGFF. The followed 45° Warburg region corresponds to the
ion diffusion from electrolyte into the electrode. In the high-
frequency region, the semicircle displayed in the plots
represents the interfacial charge transfer resistance (Rct),
which was calculated as ∼0.7 Ω and ∼2.5 Ω for GFF and
HAGFF, respectively. The increased Rct, showing relatively
difficult ion diffusion and transfer in the HAGFF-based
capacitor, is attributed to the abundant micro- and mesopores

in HAGFF derived by activation.22,50 The HAGFF electrodes
have a long cycle life with no capacitance decay after 50000
cycles, as shown in Figure 7h. The above results reveal that the
hydrothermally activated HAGFFs with hierarchical config-
uration have shown dramatically improved capacitive perform-
ance.
Generally for textile electrodes, the open pores within the

textiles not only endow the electrodes with flexibility and
lightweight, but also provide free pathways for ion transport
during the electrochemical process. Meanwhile, the conductive
scaffolds constructed by fibrous materials are capable of
facilitating fast electron conduction. Through hydrothermal
activation on graphene fibers, the increased roughness and
porosity contribute an enlarged active surface area to the
resulted HAGFFs. Besides, the residual oxygenated function-
alities in the electrodes after N2H4 reduction should provide a
certain amount of pseudocapacitance during the measurement,
leading to a higher overall capacitance.6,51 As compared with a
previous work on carbon textile electrodes, our HAGFFs
composed of hierarchical graphene fibers exhibit the highest
capacitance values (Table S2).
We also noticed that the CA could be evidently improved by

increasing the thickness of electrodes, owing to the increased
active mass per unit area.23,49 As shown in Figure 7i, the
maximum capacitance of HAGFF raises linearly from 706 mF
cm−2 to 1607 mF cm−2 while its thickness increases from 130
to 200 μm. However, the CG does not follow the same trend
(Figure S8), which gets to a peak value of 244 F g−1 for a 150
μm thick electrode and then drops to 168 F g−1 for a thicker
HAGFF electrode (200 μm), probably due to the increased
difficulty for ion transport. Besides, overlaying several layers of
textile electrodes is known as a simple way to prepare thicker
electrodes. We stacked two layers 200 μm HAGFF into a single
electrode and reached a capacitance of 3122 mF cm−2, better
than the highest value of ever reported carbon fiber cloth-based
electrodes with equivalent thickness (0.4−0.5 mm).23 More
surprisingly, five layers of HAGFF electrodes could even

Figure 8. (a) Schematic diagram illustrating the architecture of an all-solid-state supercapacitor based on HAGFF electrodes and PVA/H2SO4
gel electrolyte; (b) photographs of the flexible supercapacitor at flat (top) and 180° bending (bottom) state, respectively; (c) comparison of
CV curves at 2 mV s−1 of the flexible supercapacitor at a flat state, bending at 180°, and released from bending; (d) capacitance retention of
the solid-state supercapacitor after up to 300 bending cycles.
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achieve 7398 mF cm−2, but its rate performance is largely
degraded at the same time. Although thicker electrodes endow
the supercapacitors with higher areal capacitance and energy
density,52 the power density is obviously decreased,23,49 not to
mention the loss of flexibility. Thus, we believe that thinner
electrodes with sufficient capacitance, and good rate capability,
as well as being lightweight, are more suitable for practical
wearable devices. Given this consideration, HAGFF electrodes
of modest thickness (∼150 μm, with the highest CG of 244 F
g−1 and CA of 1060 mF cm−2) are regarded as the optimal ones
in our study.
The high flexibility and good structural stability of HAGFFs

ensure their application as electrodes in wearable super-
capacitors. As a prototype for demonstration, we assembled
two pieces of HAGFFs symmetrically into an all-solid-state
supercapacitor using poly(vinyl alcohol) (PVA)/H2SO4 gel as
the solid electrolyte and separator (Figure 8a). The areal
capacitance and the maximum energy density are shown to be
better than the results obtained by others10,12 (Figure S9), due
to the enhanced electrochemical performance of HAGFFs.
Figure 8 panels b and c show that the solid-state supercapacitor
is easily bent to 180° without breaking, and the CV curves are
barely changed while bending and releasing. After bending for
300 cycles, the HAGFF electrode exhibits 92.2% capacitance
retention (Figure 8d), indicating a stable capacitive perform-
ance through deformation.

CONCLUSION
We reported the fabrication of hierarchical graphene fibers and
GFFs via a hydrothermal activation process. Such a protocol,
based on the crumpling of graphene sheets, is simple,
controllable, efficient, and particularly suitable for GO-based
materials. We believe it is able to be extended as a general
activation strategy for various as-formed GO assemblies. The
HAGFFs with largely increased surface area displayed the
highest areal capacitance compared to other carbon textile
electrodes, including carbon fiber cloths. Given that carbon
fiber cloths are very popular as electrodes in certain functional
devices, our HAGFFs with distinct superiorities may have a
bright prospect in such a hot field. The hierarchical feature may
allow the use of HAGFFs in many applications, which should
not be limited to the electrodes for supercapacitors, but also for
batteries, fuel cells, water splitting systems, etc. Moreover,
conventional modifying methods for higher electrochemical
performance, such as doping strategy and incorporation of
active materials, are also applicable to our HAGFFs, providing a
possible path to high-performance textile electrodes.

METHODS
Preparation of Graphene Oxide Fiber Fabrics. Continuous

GO fibers were spun via injecting GO/DMF solution (∼5 mg mL−1,
purchased from Hangzhou Gaoxi Technology Co., Ltd.) into a
coagulation bath of ethyl acetate and collected on a spool, according to
previous reports.53,54 After being dried at room temperature overnight
and then 100 °C for 3 h under vacuum, the GO fibers were immersed
in ethanol and chopped into short fibers using a high-speed shearing
machine. Then the GO short fibers were deposited on a plastic mesh
and dried at 80 °C for 10 h. Finally, the plastic mesh was removed to
get the free-standing nonwoven GOFFs.
Preparation of Hydrothermally Activated Graphene Fiber

Fabrics. The as-spun GO fibers were dried at room temperature
overnight and another 3 h at 60 °C under vacuum. Then the fibers
were put in a sealed autoclave containing deionized water and heated
at 150 °C for 10 h. After the hydrothermal treatment, the partially

reduced gel fibers were cut into short fibers using a high-speed
shearing machine and collected on a plastic mesh. The wet cake of
graphene fibers was dried in air at room temperature for at least 24 h
and the free-standing HAGFFs were obtained after the plastic mesh
was taken off.

Assembly of All-Solid-State Supercapacitors. The PVA/
H2SO4 gel electrolyte was prepared by adding 4 g PVA (average
molecular weight: 88000) in 40 mL of 1 M H2SO4 solution at 85 °C
via continuous stirring until the PVA was completely dissolved. Two
identical pieces of HAGFF were soaked in the gel electrolyte for 5 min
to allow the penetration of electrolyte into their network structure.
After being dried separately, the two pieces of HAGFF were stacked
together with a drop of gel electrolyte in between and dried at room
temperature to obtain the symmetrical all-solid-state supercapacitor.

Characterization. SEM images were taken on a Hitachi S4800
field-emission SEM system. TEM images were collected on a
transmission electron microscope (Tecnai G2 F20 S-TWIN). XPS
was performed using a PHI 5000C ESCA system operated at 14.0 kV.
XRD measurements were taken on a Philips X’Pert PRO
diffractometer using Cu Kα radiation (λ = 1.5418 Å). Raman spectra
were acquired using a Renishaw inVia-Reflex Raman microscopy at an
excitation wavelength of 532 nm.

Electrochemical Characterization. Before electrochemical char-
acterization, the as-prepared GOFFs and HAGFFs were chemically
reduced by hydrazine hydrate at 95 °C for 10 h. Electrochemical
performance of the obtained GFF and HAGFF electrodes were tested
on an electrochemical workstation (CHI 660e, CH Instruments, Inc.)
with two symmetrical electrodes, using a mixed cellulose esters
membrane as separator (pore size 0.22 μm), and 1 M H2SO4 aqueous
solution as electrolyte. The effective area of each textile electrode was
∼0.8 cm2. The cycling performance was tested by GCD sweeps at a
scan rate of 1 A g−1 for 50000 cycles. EIS test was performed under
open-circuit potential from a frequency of 100 kHz to 10 mHz.

Calculation of the Electrochemical Performance. Specific
areal capacitance (CA) of GFF electrodes were calculated from their
GCD curves according to the equation: CA = 2 × I × t × U−1 × S−1,
where I stands for charge−discharge current, t is the discharge time, U
is the potential window, and S is the area of a single electrode.
Gravimetric capacitance (CG) was derived from the equation: CA = 2 ×
I × t × U−1 ×M−1, whereM is the mass of a single electrode. The areal
energy density (EA) and areal power density (PA) of the assembled
supercapacitors were obtained from EA = 0.125 × CA × U2 and PA= EA
× t−1, respectively.
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