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ABSTRACT: Activated carbon (AC) is the most extensively used electrode material for commercial electric double layer
capacitors (EDLC) given its high specific surface area (SSA) and moderate cost. However, AC is primarily used in the forms of
powders, which remains a big challenge in developing AC powders into continuous fibers. If AC powders can be processed into
fiber, then they may be scaled up for practical applications to supercapacitors (SCs) and satisfy the rapid development of flexible
electronics. Herein, we report a bottom-up method to fabricate AC fiber employing graphene oxide (GO) as both dispersant and
binder. After chemical reduction, the fiber has high electrical conductivity (185 S m™"), high specific surface area (1476.5 m* g"),
and good mechanical flexibility. An all solid-state flexible SC was constructed using the prepared fiber as electrode, which is free
of binder, conducting additive, and additional current collector. The fiber-shaped SC shows high capacitance (27.6 F cm™ or
43.8 F ¢!, normalized to the two-electrode volume), superior cyclability (90.4% retention after 10000 cycles), and good

bendability (96.8% retention after bending 1000 times).
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B INTRODUCTION

To meet the rapid advances of flexible, portable, and even
wearable electronics, such as rollup displays and electronic skin,
considerable efforts have been dedicated to develop corre-
sponding energy storage and conversion systems as power
sources, such as flexible supercapacitors (SCs)," lithium-ion
batteries,”™* and solar cells,” and so on. Among these, SCs are
of significant interest as energy storage devices because of their
high power density, fast charge—discharge rates, long cycling
life, and relatively simple conﬁguration.6 These advantages
make SCs a favorable power source candidate in the field of
flexible electronics. Recently, high-performance fiber-shaped
SCs have been explored extensively to meet the growing
demand for flexible and wearable electronics based on graphene
fibers,” "' CNT fibers,"*™"* carbon fibers,"*™'” and composite
fibers containing pseudocapacitive materials.'”'? However, the
relatively high cost, noncontinuous fabrication process of the
fibers, and low capacitance and energy density values of the
fiber-based SCs limit their practical applications.

Activated carbon (AC) with large specific surface area,
relatively low cost, chemical stability, and availability is the most
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widely used electrode material in electric double-layer
capacitors.”’ However, AC is primarily used as a powder; no
research effort has been devoted to developing AC powders
into continuous fibers. If AC powders can be processed into
fiber, then they may be scaled up for practical applications to
SCs and flexible electronics. In the chemical fiber industry,
there are two main methods to fabricate fibers: melt-spinning
and wet-spinning. As a result of the high-temperature stability
of AC, melt-spinning is not feasible. Wet-spinning is the only
viable method, as is the case for high-performance fibers such as
Kevlar and Twaron fibers.”' >* This method needs to disperse
AC powders in solution at a high enough concentration suitable
for effective coagulation.24 However, as a result of their
chemical inertness, the solubility of AC powders in water is
poor, which hinders the direct assembly of AC powders into
fiber. The most common approach to disperse insoluble
materials in water is to use dispersants.”> However, traditional
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Figure 1. (a) Photographs of AC dispersion and GO/AC dispersion after sonication. (b) Photographs of GO/AC dispersions with different GO

contents. (c) Photograph of AC fibers collected onto a bobbin.

dispersing agents such as molecular surfactants, polymers, and
DNA are usually insulated, which will significantly reduce the
electrochemical performance of the devices because of the
increased resistivity and the addition of dead weight,”® so the
insulated dispersants need to be removed from the final fiber
during coagulation or after processing, which certainly adds the
complexity and cost of the fabrication process and may also
deteriorate the mechanical properties of the fiber.

To address these problems, graphene oxide (GO) has been
chosen as both dispersant and binder to fabricate AC fiber. We
show that GO can act as an effective dispersant for AC powders
and as a good binder providing both mechanical support and
stability for the AC fiber. In addition, GO can be converted into
highly conductive rGO through reduction, which can improve
the electrical conductivity of the fiber. The fiber with large SSA,
lightweight, high flexibility, and high electrical conductivity can
be directly used as electrode for flexible SC. An all-solid-state
fiber-shaped SC was constructed using the fiber, and it
exhibited high energy and power density, robust lifetime
cycling performance, and high bendability.

B EXPERIMENTAL METHODS

Dispersion of AC Powders by GO. Graphite oxide (GO) was
prepared from flake graphite (1000 mesh, Shanghai Yifan Graphite) by
a modified Hummers’ method.”” The homogeneous GO/AC
(TF1BS520, Shanghai Carbosino Mater, Co.) aqueous dispersions
(10 mg mL™") at different GO/AC mass ratios, ranging from 0:100 to
30:70, were prepared by mixing AC powders and GO into distilled
water, followed by sonicating for 2 h at an output power of 45 W using
a digital ultrasonic processor (S-450D, Branson), then concentrated to
40 mg mL™" by evaporation in 60 °C water bath.

Preparation of AC Fiber. Continuous wet-spinning was carried
out on a homemade apparatus.” First, homogeneous dispersion was
injected into a rotating coagulation bath (acetic acid), then the resulted
gel fiber was rolled onto a drum and dried at 60 °C in vacuum, and
finally the fiber was reduced in an aqueous HI solution (45%,
Sinopharm) at 95 °C for 12 h*® followed by ethanol washing and
drying at 60 °C for 12 h in vacuum.

Material Characterization. The morphology of the fibers were
observed by an SU8010 field-emission scanning electron microscope
(SEM, Hitachi, Japan). The resistivity was measured by a two-probe
method using a PC68 high-resistance meter (Shanghai Cany Precision
Instrument). Tensile strength of the fiber was measured using a XQ-
1A fiber tension tester (Shanghai New Fiber Instrument). The gauge
length and extension rate were 10 mm and 2 mm min ™", respectively.
Nitrogen adsorption—desorption isotherms of the fiber was measured
at 77 K using Micromeritics ASAP2020. The X-ray photoelectron
(XPS) spectra were obtained on an Axis Ultra DLD spectrometer
(Kratos Analytical, UK) using a monochromatic Al K source.

Electrochemical Characterization of Individual AC Fiber and
AC Powder Electrodes. The AC fiber electrode was prepared by
connecting an AC fiber to stainless-steel strip end to end by silver
paste. The AC powder electrode was prepared according to the
reference.” Electrochemical tests were performed using a three-

electrode configuration on an electrochemical workstation (CHI
660E) in 1 M H,SO, electrolyte. AC fiber electrode or AC powder
electrode was used as working electrode; a Pt wire and Hg/Hg,SO,
electrode were used as the counter and reference electrodes,
respectively. The capacitance was calculated from GCD curves using
the equation

IAt
C=—
AU (1)

where C is the total capacitance, I and At are the discharging current
and time, respectively, and AU is the potential window after IR drop.

The mass capacitances (Cy) was calculated according to the
equation

= @)

where M refers to the mass of the working electrode.

Fabrication of the Fiber-Based SCs. The H;PO,/PVA gel
electrolyte was prepared as follows: PVA (3.0 g) was added to 27.0 g
of deionized water, followed by heating at 95 °C under magnetic
stirring until the solution became clear. H;PO, (3.0 g) was finally
dropped to the above solution to form the gel electrolyte. To fabricate
a fiber-based SCs, two fibers with the same diameter and length (1 cm)
were connected to a metal wire by Ag paste, respectively, immersed in
the H;PO,—PVA gel solution for 24 h, dried at room temperature
until the gel electrolyte solidified, and then carefully twisted together
to produce a fiber-based SC.

The electrochemical performances of the fiber-based SC were
evaluated using a two-electrode configuration on an electrochemical
workstation (CHI 660E). The capacitance of the supercapacitor was
calculated from its discharge curves using

IAt
c=-"2
AU 3)
where C is the total capacitance, I and At are the discharging current
and time, respectively, and AU is the potential window after IR drop.

The volumetric and mass capacitances (Cy and Cy) of the device
were calculated using the equations

C

Cy=—

VT ov 4)
C

Cy = —

M oM (3)

where V and M refer to the volume and mass of the fiber in the single
electrode, respectively. The calculation of V is according to the
equation

V= zRL (6)

where R is the radius of the fiber and L is the fiber length.
The volumetric energy (Ey) and power (Py) density of the SCs
were obtained from the equation

1 2
Ey = ~CyAU
VoY (7)
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Figure 2. SEM images of (a—c) the cross section and (d—f) the surface of AC fiber.

PV = EV/tdischarge (8)

B RESULTS AND DISCUSSION

The fabrication processes of AC fiber consist of preparation of
GO/AC dispersions, wet-spinning of GO/AC fiber, and
chemical reduction of GO into highly conductive rGO. First,
a given amount of AC powder and GO were sonicated in
deionized water. Figure la shows that AC powders cannot be
dispersed in water even after sonication; however, with the
addition of GO, the AC powders are effectively dispersed, the
formed suspension is very stable, and no visible sediment was
observed over 1 week, indicating that GO can well-disperse AC
powders. This can be attributed to the fact that GO, with
hydrophilic hydroxyl and carboxyl acid groups on the edge and
unoxidized hydrophobic polyaromatic nanographene domains
on the basal plane, can act as a surfactant. It can also disperse
other insoluble materials such as carbon nanotubes and
graphite in water.””’’ Wet-spinning needs dispersion at a
high concentration; solvent evaporation is an effective method
to obtain dispersions with high concentrations. Using this
procedure, we obtained GO/AC dispersions with a concen-
tration of 40 mg mL ™", and the contents of GO with respect to
AC range from 0 to 30 wt %. Figure 1b shows that the viscosity
of the pure AC solution was almost that of pure water and that
the viscosity of GO/AC solutions were increasing with the
content of GO. When the content of GO was above 20 wt %, a
GO/AC hydrogel was formed. In contrast, no hydrogels were
produced when the content was below 20 wt %. We fabricated
GO/AC fiber through a wet-spinning method reported
previously.18 However, continuous GO/AC fiber cannot be
obtained when the content of GO is below 30 wt % because the
amount of GO was not enough to form efficient connections
between adjacent AC powders. When the GO content reached
30 wt %, hundreds of meters long GO/AC fiber can be
obtained (Figure 1c). Finally, to increase the conductivity of the
fiber, GO were converted into highly conductive rGO through
chemical reduction. XPS analysis indicates that most of the
oxygenated functional groups of GO have been removed
(Figure S1), and the insulated GO was converted into highly
conductive rGO. As a result, the AC fiber has an electrical
conductivity of 185 S m™" (Figure S2).

The morphology and microstructure of the as prepared AC
fiber were investigated by SEM in Figure 2. Figure 2a indicates
that the fiber has a circular cross section, and the diameter is
about 70 ym. Within the AC fiber, the rGO layers interconnect
each other and align along the axial direction, which provides a
conductive network for electronic transport. Also, there are

many voids clearly observed in the fiber, which can facilitate the
fast ion transportation in the fiber (Figure 2a—c). The SEM
images in Figure 2d—f indicate that the AC powders are
homogeneously encapsulated by the rGO sheets; the rGO
sheets in the fiber can act as a binder to support and connect
adjacent AC powders and keep the integrity and mechanical
stability of the fiber through noncovalent interactions such as
van der Waals and 7—7 interaction between rGO sheets and
AC powders.” As a result, the fiber has a tensile strength of
22.7 MPa at 3.5% ultimate elongation (Figure S3), which is
much better than that of graphene aerogel fibers fabricated by
wet-spinning process.”

The porous structure of the AC powders and AC fiber were
investigated by nitrogen adsorption—desorption measurements
(Figure 3). The adsorption—desorption isotherm curve of AC
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Figure 3. (a) Nitrogen adsorption—desorption isotherms and (b) pore
size distribution of AC powder and AC fiber (inset shows the
magnified pore distributions in the micropore regions).

powders (Figure 3a) is type I with no hysteresis loop, which
reflects the fact that no mesopores exist in the AC powders.”*
The SSA of AC powders was determined to be 1831 m* g™
For AC fiber, an inconspicuous hysteresis loop could be
observed in the P/P, range of 0.5—1.0, indicating the presence
of mesopores, which are further identified in the pore
distribution (Figure 3b). The SSA of AC fiber is 1476.5 m*
g~!, which is slightly smaller than that of AC powders. The
reduced SSA of AC fiber could be attributed to the formed
mesopores and macropores. The pore size distribution is shown
in Figure 3b. For the AC powders, the pore diameters are
predominantly in microporous range, and the mesopore
volumes can be negligible. However, for the AC fiber, it
possesses micropores with distributions similar to that of AC
and a portion of mesopores.

The as-prepared AC fiber with high electrical conductivity
and mechanical strength can be directly adhered to a stainless
steel strip and used as a fiber electrode for SC; no other

DOI: 10.1021/acsami.6b04026
ACS Appl. Mater. Interfaces 2016, 8, 14622—14627


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b04026/suppl_file/am6b04026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b04026/suppl_file/am6b04026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b04026/suppl_file/am6b04026_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b04026

ACS Applied Materials & Interfaces

Research Article

polymer binder, conducting additive, or additional current
collector is needed. In the contrasting device, AC powder
electrode was prepared by mixing 85 wt % AC powders, 10 wt
% carbon black, and 5§ wt % PTFE. We first tested the
electrochemical performances of the AC powder and AC fiber
electrodes in a three-electrode cell. Figure 4a shows the CV
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Figure 4. Electrochemical performance of the AC powder and AC
fiber in 1 M H,SO,. (a) CV curves at a scan rate of 10 mV s™*. (b)

GCD curves at a current density of 0.8 A g™, (c) Specific capacitance
at different current density. (d) Nyquist plots of the SCs.

curves of AC powder and AC fiber at the scan rate of 10 mV
s7, and both of the curves are in rectangular shape, indicating
ideal capacitive behavior. The CV curve of AC powder based
SC exhibits a smaller area and a larger distortion, indicating that
the AC fiber based SC has a much larger specific capacitance
and better rate capability than does the AC powder based SC.

The GCD curve of AC powder-based SC shows a larger IR
drop than does AC fiber SC (Figure 4b), indicating that the
rGO sheets with higher conductivity can decrease the internal
resistance of the AC fiber-based SC, which can be supported by
the result of electrochemical impedance spectroscopic (EIS)
(Figure 4d). The largest specific capacitance of the AC fiber is
~180.1 F g_1 (113.8 F cm™) at a current density of 0.4 A g_l.

When the current density is increased from 0.4 to 4 A g/, the
SC exhibits a high rate performance (~119.5 g™' at 4 A g™/,
66.4% retention). In contrast to AC fiber, the capacitance of the
AC powder SC shows fast fading as the current density
increases. The capacitance values are 92.8 and 243 F g™' at a
current density of 0.4 and 4 A g™', respectively (26.2%
retention) (Figure 4c). This is mainly due to the fact that large
amounts of micropores of AC powders cannot be accessed by
electrolyte ions. However, with the addition of rGO, mesopores
and macropores were formed in the fiber that facilitate more
accessible surface area for the electrolyte ions and fast ion
transportation in the electrode. Furthermore, the intercon-
nected rGO network in the fiber increased the electrical
conductivity of the fiber, reducing the internal resistance of the
fiber-based SC. The outstanding electrochemical performances
of the AC fiber make it a promising candidate as freestanding
electrode for all-solid-state fiber-shaped SCs.

A flexible all-solid-state SC was constructed by twisting two
AC fiber electrodes with poly(vinyl alcohol)—H;PO, gel
electrolyte. The electrochemical performances of the device
were analyzed by a two-electrode configuration. The CV curves
of the device show a quasi-rectangular shape at low scan rates
(Figure Sa), and its GCD curves in Figure Sb are near
triangular with low potential drop at low current densities,
indicating good charge propagation across the fiber electrodes.
On the basis of the calculations from GCD curves, the device
exhibits a specific capacitance of 27.6 F cm™ at 13 mA cm™
and 202 F cm™ at 520 mA cm™ (normalized to the two-
electrode volume), corresponding to mass capacitance of 43.8
and 32.1 F g, respectively, outperforming many previously
reported carbon-based SCs (Table S1). The cyclic stability of
the SC was explored by a galvanostatic charge—discharge test.
The capacitance still remained at 90.4% of its initial capacitance
after 10 000 cycles, demonstrating its excellent electrochemical
stability (Figure 5Sd). To demonstrate the flexibility of our
device, it was subjected to mechanical bending under different
bending angles and cycles. As shown in Figure Se,f, there is no
significant difference between the CV curves under different
bending angles, and negligible change is observed between
GCD curves after different bending cycles, suggesting the
highly flexible property of the AC fiber based SC.
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Figure 5. Electrochemical performances of the AC fiber-based all-solid-state SC. (a and b) CV and GCD curves. (c) Specific capacitance at various
current densities. (d) Cycling performance of the SC at 520 mA cm™. (e) CV curves bended with different angles. (f) GCD curves before and after

bending for 100, 500, and 1000 cycles.
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Figure 6. (a) Energy and power densities of the device compared with those of commercially available energy-storage systems. (b and ¢) GCD
curves of a single device and three devices connected in parallel (b) and series (c).

The Ragone plots in Figure 6a show that the maximum
energy density of our SC is up to 2.5 mWh cm™ (3.96 mWh
g™') at a power density of S mW cm >, which is superior to
those of commercially available SCs.*>*® Compared with a Li
thin-film battery, the SC exhibits significantly higher power
densities and holds comparable energy densities.”” This value is
also higher than that of recently reported fiber-shaped
supercapacitors (Table S1). For practical applications, it is
usually necessary to connect SCs in series or parallel because of
a limited working potential window and energy storage capacity
for a single device. Compared with a single SC, the discharge
time of the three SCs connected in parallel is three times that of
a single SC when operated at the same current density (Figure
6b). As shown in Figure 6c, with similar discharge time, the
potential window is extended from 0.8 to 2.4 V by connecting
three SCs in series.

B CONCLUSIONS

We developed a bottom-up approach to fabricate AC fiber from
AC powders employing GO as both dispersant and binder. The
fiber has large SSA, light weight, high flexibility, and high
electrical conductivity. An all-solid-state flexible SC was
constructed using the as prepared AC fiber. The device
exhibited high energy and power density, excellent cycling
stability, and good bendability. In addition, this strategy
presented here can be extended to develop other insoluble
nanomaterials into fiber format, which may be promising for
next-generation flexible energy storage devices.
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