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Abstract
One-dimensional graphene fibers have attracted increasing interests due to their extraordinary
mechanical strength, electrical conductivity and flexibility compared with two-dimensional
graphene films/papers and three-dimensional foams/hydrogels/aerogels. Here, we developed a
scalable non-liquid-crystal spinning process for the production of continuous graphene fibers
with tailored structure for high-performance wearable supercapacitors. These fibers possessed
surfaces with bark-like fine microstructure and different shaped cross-sections with locally
aligned dense pores, depending on the jet stretch ratio (R) during spinning. Owing to this
unique structure facilitating the access to, and diffusion of electrolyte ions, the specific
capacitance reached 279 F g�1 (340 F cm�3) at a current density of 0.2 A g�1 (0.244 A cm�3) in
1 M H2SO4 when R=1.0. A flexible solid-state fiber supercapacitor assembled from these fibers
showed a specific capacitance and energy density of 226 F cm�3 and 7.03 mWh cm�3 at
0.244 A cm�3, respectively. We further demonstrated the proof-of-concept of wearable energy-
storage by sewing three solid-state yarn supercapacitors in series into a textile, which was able
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to power a light-emitting diode for more than 5 min after being charged. This non-liquid-crystal
spinning strategy could be extended to the assembly of other two-dimensional nanomaterials
into macroscopic fibers for applications in micro-devices, wearable electronics and smart
textile.
& 2015 Elsevier Ltd. All rights reserved.
Introduction

Graphene materials have attracted considerable attention
from scientists and engineers, owing to their ultrahigh
specific surface area, extraordinary mechanical, optical,
electrical and thermal properties, together with their
scalable low-cost production from natural graphite [1].
They have promising applications in energy storage devices
[2–7], electronic components [8,9], functional nanocompo-
sites [10–12], water treatment [13,14], hydrogen storage
[15,16], etc. In most of these cases, graphene materials are
used in the macroscopic forms of powders/particles [15,16],
two-dimensional (2D) coatings/films/papers [2,3], or three-
dimensional (3D) gels/foams [5,6,14], while one-dim-
ensional (1D) macroscopic fibers of graphene were not
reported until 2011 [17,18]. Graphene fibers are flexible,
have high mechanical strength and electrical conductivity,
and exhibit processing versatility [17,19,20]. Just like
carbon fibers, they could be processed by twisting, weaving
and knitting into light and flexible ropes, belts, fabrics and
even 3D scaffolds. Similar to carbon nanotube (CNT) fibers
[21], which have been widely explored in micro-/wearable
energy devices [22–25], sensors [26,27] and actuators
[28,29], graphene fibers would extend the capabilities of
graphene in these fields, and could provide better perfor-
mance [30,31] at a lower cost due to the significantly higher
specific surface area of graphene.

Efforts have been devoted to prepare graphene fibers for
miniature and wearable energy-storage applications,
including the drawing assembly of graphene films [18],
hydrothermal assembly of a graphene oxide (GO) dispersion
in a pipeline or capillary column [20,32], and wet-spinning
assembly of a liquid-crystal (LC) GO dispersion in water
followed by reduction [17,19,33–35]. Among these, wet-
spinning is the most scalable way to produce continuous
long graphene fibers, yet it faces two challenges. The first
one is to achieve a simple continuous spinning process
compatible with industrial production. The continuous
production of GO fibers is crucial for achieving uniform
quality (e.g., the diameter and profile of their cross-
section) and large-scale application. Because of the low
concentration of a GO dispersion necessary for spinning
[17,19,34], a large amount of water remains in wet GO
fibers, leading to adhesion between the fibers after drying,
which is a big issue for the production of bobbins of
graphene fibers. The second challenge is the effective
control of the structure of graphene fibers for high-
performance energy-storage application. It is the surface
morphology and inner structure that determine the mechan-
ical, electrical and especially electrochemical performance
of graphene fibers. For example, an all-graphene core-
sheath fiber, prepared by deposition of electrochemically
reduced GO on the surface of a hydrothermally assembled
GO fiber, shows a significantly higher capacitance than the
pristine core fiber due to the large exposed surface area of
the 3D-porous sheath [30]. Though conventional LC spinning
can produce long graphene fibers, they often have a coarse
surface with extended, slightly wrinkled, hydrophobic RGO
sheets [17,33], and have a cross-section composed of
compactly stacked, folded RGO sheets [19,33,34]. These
structural characteristics are detrimental to the capacitive
performance because of their poor affinity to aqueous
electrolytes and the limited electrolyte ion diffusion inside
those fibers [31]. In order to avoid this disadvantage,
various fillers, such as CNTs and MoS2, have been introduced
to inhibit the restacking of RGO sheets and to create porous
structures, resulting in hybrid fibers with enhanced specific
capacitance but lower mechanical strength and higher costs
[32,36,37]. To the best of our knowledge, simultaneous
control of the surface morphology and internal structure of
unfilled neat graphene fibers for high-performance wear-
able supercapacitors in a continuous spinning process has
not been achieved to date.

Here we report a simple, scalable non-liquid-crystal
(NLC) spinning method for the production of continuous
RGO fibers with tunable structure for wearable supercapa-
citors. The resulting fibers possessed a macroscopic smooth
surface with a willow-bark-like fine microstructure and a
tunable pore structure with locally aligned RGO sheets over
the radial plane, which could favor the access to, and fast
diffusion of electrolyte ions. Owing to this unique structure,
these undoped all-graphene fibers demonstrated excellent
electrochemical performance compared with either neat or
hybrid graphene fibers and CNT hybrid fibers prepared by
conventional methods.
Experimental section

Preparation of RGO fibers

Graphite oxide was prepared by the oxidation of colloidal
graphite with an average size of around 2 μm (Shanghai
Yifan Graphite Co. Ltd) using the Hummers' method [38].
The weight ratio of graphite:NaNO3:KMnO4 was 1:1:5 and
the oxidation time was 5 h. Graphite oxide (2 g) was added
to deionized water (98 g) and sonicated for 1 h at an output
power of 20 W using a digital ultrasonic processor (S-450D,
Branson). The resulting 2 wt% dispersion was centrifuged at
5000 rpm for 10 min to remove unexfoliated particles. The
supernatant with a pH value of 2 became more viscose after
being left stationary for 6 h, and is denoted as the pristine
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GO dispersion. A basified GO dispersion with a pH value of
11 was obtained by addition of 10 M NaOH solution (560 μL)
into a supernatant (50 g) followed by sonication for 5 min,
and it was free flowing in great contrast to the pristine one
(Figure 1).

Continuous wet-spinning (see Movie S1 in the supplemen-
tary data) was carried out on the home-made apparatus
illustrated in Figure 2a. For NLC spinning, the basified GO
dispersion was injected into glacial acetic acid in a rotating
Petri dish through a 27 G hollow needle (as spinneret,
internal diameter=210 μm) at a velocity of 1.5 m min�1.
The end of the needle was placed tangentially 30 mm away
from the center of rotation, and the rotation speed was
adjusted to 0.8, 1.6 and 2.4 rpm, corresponding to a jet
stretch ratio R (the ratio of the stretching velocity to the
injection velocity of the flow) of 0.5, 1.0, and 1.5,
respectively. The wet fibers were drawn out vertically along
the long infrared heater and wound onto a polytetrafluor-
oethylene pipe. For LC spinning, the pristine GO dispersion
was spun at the same conditions, but only fibers with R
values of 1.0 and 1.5 were successfully collected. These
fibers were reduced by a HI solution (45 wt%) at 95 1C for
8 h, then washed with water and acetic acid alternatively
3 times, and finally dried at 80 1C under vacuum for 12 h to
obtain RGO fibers.
Structural characterizations

Atomic force microscope (AFM) images of the GO sheets
were taken in the tapping mode under ambient conditions
on a Nanoscope IV system (Veeco Instruments, USA).
Polarized optical microscope (POM) images of the GO
dispersions and as-spun wet GO fibers were shot on an
Alphaphot-2 optical microscope (Nikon, Japan). The rheo-
logical behavior of GO dispersions was evaluated by an
ARES-RFS rheometer (TA Instruments, USA) using parallel
plate geometry (50 mm diameter) with a gap of 870.1 mm
at 25 1C. The X-ray photoelectron spectroscopy (XPS) mea-
surements were performed on an Axis Ultra DLD spectro-
meter (Kratos Analytical, UK) using a monochromatic Al Kα
Figure 1 Microscopic and rheological characterizations of the G
(b, d) corresponding POM images of (a, b) the pristine and (c, d) th
the pristine and basified 2 wt% GO dispersion on the shear rate. Ins
better flowability of the basified dispersion.
source. The morphology of GO fibers and RGO fibers were
observed on a SU8010 field-emission scanning electron
microscope (SEM, Hitachi, Japan). The average cross-
sectional area and perimeter of each sample were measured
from SEM images of at least 5 single fibers by an image
processing software. X-ray diffraction (XRD) patterns of RGO
fiber bundles were recorded on a D/max 2550 PC diffract-
ometer (Rigaku, Japan) with Cu Kα radiation (λ=1.5406 Å)
operating at 40 kV and 250 mA. The Herman orientation
factor (H) was calculated using Eq. (1) [39,40]:

H¼ 1
2
ð3

Z 2π

0
I
��� sin φ

��� cos 2φdφ=
Z 2π

0
I
��� sin φ

���dφ�1Þ ð1Þ

where I and ϕ are the intensity and azimuthal angle
respectively.

The specific surface area (SSA) was evaluated using the
methylene blue (MB) titration test [41]. In a typical test,
10 mg RGO fiber was added to 10 g water, then 100 μL
1 mg ml�1 of MB � 3H2O aqueous solution was added at
regular intervals (3 h) while the mixture was shaken. The
suspension was centrifuged and the concentration of MB in
the supernatant was measured by a TU1901 UV–vis spectro-
meter (Purkinje General) at 665 nm. The mass ratio of
adsorbed MB to RGO fibers was plotted against that of added
MB to RGO fibers. SSA was calculated according to Eq. (2):

SSA¼ ðmMB=MMBÞUAc UAMB=mRGO ¼ 2:45

�103 U ðmMB=mRGOÞ ð2Þ
where MMB is the molar molecular weight (319.9 g mol�1) of
MB, Ac is Avogadro's number (6.02� 1023), AMB is the area
covered by one MB molecule (assumed to be 130 Å2), and
mMB/mRGO is the mass ratio of adsorbed MB to RGO fibers at
the point where the decreasing slope is close to 0.98.

Performance characterizations

The linear density of RGO fibers was obtained by weighing a
10-meter-long filament on a XS microbalance (Mettler
Toledo). Tensile tests were carried out at an extension rate
of 2 mm min�1 with a gauge length of 10 mm on a XQ-1A
O dispersions. (a, c) Normal optical microscope (NOM) images and
e basified 2 wt% GO dispersion. (e) Dependence of the viscosity of
et is a photograph of GO dispersions in tilted syringes, indicating a



Figure 2 Wet spinning of GO fibers. (a) Schematic illustration of the wet-spinning process. The GO dispersion is injected into the
rotating coagulant and solidifies into a wet fiber, which is dried by the infrared heater before being collected onto the bobbin. (b–d,
h–j) NOM images and (e–g, k–m) corresponding POM images of the as-spun wet GO fibers obtained by (b–g) LC spinning and (h–m) NLC
spinning at different jet stretch ratios: (b, e, h, k) R=0.5, (c, f, i, l) R=1.0 and (d, g, j, m) R=1.5. The NLC-spun wet fibers show
very weak birefringence under POM. (n) Photograph of the NLC-spun GO fibers collected onto bobbins of different diameter. (o, p) A
hand-woven fabric made from the RGO fibers: (o) unbent and (p) bent.
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fiber tension tester (Shanghai New Fiber Instrument). The
resistivity was measured by a two probe method on a PC68
high resistance meter (Shanghai Cany Precision Instrument).
At least 5 filaments were tested for each sample and
average values were reported.

Electrochemical tests of single RGO fibers were performed
in a three-electrode cell on a CHI 660E electrochemical
workstation (Shanghai Chenhua). A bundle of 5 RGO fibers
(length=1.5 cm) was connected to stainless steel strip end to
end by silver paste, and was used as a free-standing working
electrode. A 0.5-mm-diameter Pt wire and Hg/Hg2SO4 elec-
trode were used as the counter electrode and the reference
electrode respectively. Cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) tests were conducted at scan
rates from 2 to 100 mV s�1 and current densities from 0.2 to
2 A g�1, respectively. Electrochemical impedance spectro-
scopy (EIS) was conducted at open circuit potential with an
amplitude of 5 mV for frequencies from 10 mHz to 1 MHz. For
a three electrode cell, the capacitance of the working
electrode can be calculated from a full cycle of the CV curve
by Eq. (3):

C¼ 1
2vΔU

Z
jIjdU ð3Þ

where C, v, U, ΔUand I are the capacitance, scan rate,
potential, potential window and current, respectively. It can
be also calculated from a galvanostatic discharge curve by
Eq. (4):

C¼ Itd=ðΔU�UdropÞ ð4Þ
where I, td, ΔU and Udrop are the constant discharge current,
discharge time, potential window and potential drop,
respectively.
To fabricate a solid-state flexible fiber supercapacitor,
two RGO fibers (2 cm in length) were connected to stainless
steel wires with silver paste, arranged in parallel, trans-
ferred onto a strip of 3 M magic tape, coated with a H2SO4/
Polyvinyl alcohol (PVA)/H2O (1/1/10 in weight) gel electro-
lyte, dried at room temperature and finally sealed by
covering another strip of tape. Three yarn supercapacitors
connected in series were similarly assembled from six
bundles of five NLC-R1.0-RGO fibers (length=1.4 cm) and
sewed into a textile. CV and GCD tests were carried out for
these supercapacitors. For these two-electrode cells, the
capacitance of a single electrode can be calculated from a
full cycle of the CV curve by Eq. (5):

C¼ 1
vΔU

Z
jIjdU ð5Þ

It can be also calculated from a galvanostatic discharge
curve by Eq. (6):

C¼ 2Itd=ðΔU�UdropÞ ð6Þ
The mass-, length-, area- and volume-specific capacitance
of a single electrode, respectively denoted as CM (F g�1),
CL (F cm�1), CA (F cm�2) and CV (F cm�3), was calculated
by dividing C by the mass, length, outer area and volume of
one electrode, respectively. The energy density (EM) and
power density (PM) of a solid-state supercapacitor were
respectively calculated from discharge curves using Eqs.
(7) and (8):

EM ¼ 1
8
CMðΔU�UdropÞ2 ð7Þ

PM ¼ EM=td ð8Þ
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where CM, ΔU, Udrop and td are the mass-specific capaci-
tance of a single electrode, potential window, potential
drop and discharge time, respectively.
Results and discussions

The non-liquid-crystal spinning process

The average size of the GO sheets (shown in Figure S1) used
for spinning was about 212 nm, and the thickness was
around 1.1 nm, indicating dispersed GO as single-layer
sheets in water. A pristine 2 wt% GO dispersion was found
to have a pH value of 2, demonstrating the acidic nature of
GO [42]. And it showed vivid colors under a polarized optical
microscope (POM) (Figure 1b), indicating the formation of a
LC phase [17]. Therefore, we refer to it as a LC GO
dispersion and used it for LC spinning. Meanwhile, a basified
2 wt% GO dispersion with a pH value of 11 was obtained by
the addition of a NaOH solution into a pristine one. By
contrast, it showed no birefringence under POM (Figure 1d),
implying that the LC phase has been disrupted. Thus it is
referred to as a NLC GO dispersion and is used for NLC
spinning. Interestingly, it was found that the pristine GO
dispersion flowed slowly after sonication and even more
slowly after resting, whereas the basified one flowed very
easily all the time (inset in Figure 1e). This phenomenon is
consistent with the remarkably lower viscosity of the
basified dispersion than that of the pristine one at low
shear rates (Figure 1e). Since the basified GO sheets are
more negatively charged and repel each other [43], the
hydrogen-bonding network in the pristine LC phase would be
disrupted, resulting in good flowability of the NLC GO
dispersion (Figure S2). It is this lower viscosity that would
favor the smooth extrusion of the NLC GO dispersion and
shear-induced alignment of GO sheets during spinning.

Continuous wet-spinning of GO fibers from both LC and
NLC GO dispersions, respectively called LC spinning and NLC
spinning, was performed on a home-made apparatus as
illustrated in Figure 2a. The jet stretch ratio R was
controlled by changing the rotation speed of the coagulant,
on which the stretching velocity depends. Glacial acetic
acid was shown to be an effective coagulant for both NLC
and LC GO dispersion due to its acidic and highly hydrophilic
nature. Acetic acid can absorb water from the extruded
flow of a NLC or LC GO dispersion. Meanwhile, it can also
diffuse into the flow and ionize with water and release
protons, which inhibit the dissociation of acidic groups on
GO sheets. As a result, GO sheets coagulate through strong
hydrogen-bond interaction. It was found that both hydro-
philic acetone and ethanol failed to coagulate the pristine
GO dispersion, highlighting the importance of the acidity for
the coagulant. A long infrared heater was used to dry the
wet fiber before it was collected. This is essential to obtain
a bobbin of a long single fiber without adhesion between
adjacent loops. In a typical experiment, a GO fiber as long
as 500 m was collected at 2.25 m min�1, taking around 4 h,
from a 12 ml GO dispersion without breaking. Fibers could
be collected onto bobbins of different diameters as in
industrial wet-spinning, which guarantees quality uniformity
and facilitates post-processing and applications.
There is a large difference in the coagulation process
between LC and NLC spinning. As shown in Figure 2b–g, LC-
spun wet fibers were bright under a normal optical micro-
scope and showed strong vivid color under POM, which
indicates an ordered liquid-crystalline phase [19]. In con-
trast, NLC-spun wet fibers (Figure 2h–m) were very dark
under NOM and showed very weak birefringence under POM,
which is probably attributed to the disordered distribution
of highly charged GO sheets that have undergone partial
reduction by NaOH, as revealed by the XPS analysis (Figure
S3). Interestingly, the diameters of NLC-spun wet fibers at
R=0.5 and 1.0 (346 and 293 μm, respectively) were larger
than the inner diameter of the needle-spinneret (210 μm),
and also larger than LC-spun ones at the same R. This
obvious expansion in the radial direction is consistent with
the observed shrinkage in the axial direction in the coagula-
tion bath (Figure S4), and is possibly due to the repulsion
between the aligned, negatively charged GO sheets in the
flow after the release of the shear stress in the spinneret.
On the contrary, the LC-spun wet fiber at R=0.5 showed a
minor expansion (diameter=240 μm) with curly shapes
(Figure S4), and was too fragile to be continuously col-
lected. Because the extruded flow of the pristine GO
dispersion (1.5 m min�1) was naturally squeezed into curly
shapes by the slower coagulant (0.75 m min�1) due to very
weak repulsion between liquid-crystalline GO nanosheets in
the flow. Besides, the diameter of the wet fibers apparently
decreased as R increased, indicating the importance of jet
stretching on “locking” the flow-induced alignment of GO
sheets. Therefore, a more porous structure is expected for
NLC-spun RGO fibers at lower jet stretch ratios.
Structural characteristics of RGO fibers

Continuous RGO fibers were obtained by chemical reduction
of the NLC- and LC-spun GO fibers in a HI solution, and are
denoted as NLC-Rx-RGO and LC-Rx-RGO fibers, respectively,
where x is the value of R. The morphology of the RGO fibers
is shown in Figure 3. As for NLC-spun RGO fibers, their
surfaces were rather smooth at the microscale but exhibited
a fine structure at the nanoscale, similar to the bark of some
trees, e.g., willow (Figure S5). This bark-like structure
became less wrinkled and more aligned as R increased. At
the same time, their cross-sectional profiles and pore
structures changed remarkably with an increase of R: a
“w”-shaped belt with large separate pores was observed
when R=0.5, a “t”-shaped 3-armed star with curved slit-
like pores when R=1.0, and an “x” shaped 4-armed star
with narrow flat pores when R=1.5. Note that as R was
increased, the RGO sheets showed increased local align-
ment along the fiber arms in the radial plane and changed
from wrinkled to wavy and finally to almost flat geometry.
On the contrary, the LC-spun RGO fibers showed a coarse
surface with a few large wrinkles and irregular multi-armed
cross-section with disordered, compact stacks of RGO
sheets. It is believed that the unique bark-like surface
morphology and locally aligned pore structure of NLC-spun
RGO fibers would favor the access to, and diffusion of,
electrolyte ions.

The structure evolution from wet GO fibers to RGO fibers
has been also investigated (Figures S6–S8), and a possible



Figure 3 SEM images of (a–e) the cross-section and (f–j) the surface of RGO fibers prepared by NLC and LC spinning followed by
reduction. (a, f) NLC-R0.5, (b, g) NLC-R1.0, (c, h) NLC-R1.5, (d, i) LC-R1.0, and (e, j) LC-R1.5.
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fiber formation mechanism for NLC-spinning is proposed
(Figure S9). Compared with original GO sheets, the basified
GO sheets are more negatively charged, and therefore tend
to have a greater mutual repulsion after extrusion. When
the extruded flow is stretched, coagulated, and hot dried
under tension, the GO sheets become aggregated with
increasing local alignment as R increases (Figure S8) due
to strong hydrogen-bonding interactions and the increasing
stretching stress on the flow of low viscosity. After reduction
by the HI solution, during which the physical form of a
graphene oxide film can be maintained [44], the GO fibers
are transferred to RGO fibers but undergo some deformation
because of the volume shrinkage resulting from the loss of
hydroxyl groups and the hot drying. Therefore, a separate
pore structure with wrinkled RGO sheets is formed when
R=0.5 due to the lack of stretching, and the pores become
progressively more lamellar when R is increased to 1.5.
Meanwhile, the negatively charged GO sheets at the flow
surface are neutralized by acetic acid, and curl outward
into nanofibrils (Figure S7) because of higher charges inside
and stronger hydrogen-bonding interactions outside. After
reduction, these nanofibrils are deformed to the bark-like
surface of NLC-spun RGO fibers. As for the LC spinning, the
GO liquid crystals in the viscous pristine dispersion are
believed to suffer a twist at adjacent boundaries [17] and
will be less locally aligned in the radial plane even after
stretching due to the high viscosity of the LC GO dispersion.
Therefore, when the extruded flow is drawn, coagulated
and dried, multiple-folds form because of strong hydrogen
bond interaction between GO sheets. Since the pristine GO
sheets are less negatively charged, there is only a small
difference between the outside and inside of the GO sheets
when they meet the acetic acid, so fewer wrinkles form on
the fiber surface.

The dependence of the structural characteristics of the
RGO fibers on the spinning method and jet stretch ratio R
were investigated, and the results are shown in Table 1. The
condensed structure of RGO sheets in the fibers was
characterized by XRD (Figure S10). Results showed that
the interlayer spacing of RGO sheets in the NLC-spun RGO
fibers decreased from 3.91 Å (R=0.5) to 3.74 Å (R=1.0),
and finally to 3.72 Å (R=1.5), all of which are higher than
that of natural graphite (3.35 Å) due to the imperfect
stacking of defective RGO sheets. Azimuthal scan results
indicated that the graphitic layers in the RGO fibers were
preferentially oriented along the fiber axis, and the degree
of orientation increased with the increment of R, in good
agreement with SEM observations. This could be attributed
to the larger shear stresses applied at higher R. It is found
that the orientation parameter of the NLC-spun RGO fibers
is a little lower than that of the LC-spun ones at the same R,
but the difference is small when R is high. This is ascribed to
the repulsion between the negatively charged GO sheets,
which inhibits their stacking along the fiber axis during
coagulation and thermal drying.

MB titration was used to evaluate the SSA of the RGO
fibers (Figure S11). MB adsorption has been used to evaluate
the SSA of clay materials [41] and carbon materials,
including active carbon [45], thermally expanded graphite
oxide and thermally-reduced porous graphene fibers
[46,47]. There is a large difference between the values of
SSA obtained by dry N2 adsorption and wet MB adsorption.



Table 1 Structural characteristics and mechanical and electrical performance of RGO fibers.

Sample Orientation
parameter

SSA
[m2 g�1]

Linear
density
[dtex]a

Strain to
failure
[%]

Specific stress
[cN dtex�1]b

Specific modulus
[cN dtex�1]

Specific
conductivity
[S cm2 g�1]

Strength
[MPa]

Modulus
[GPa]

Electrical
conductivity
[102 S m-1]

NLC-R0.5 0.648 419 13.9 6.670.7 0.93370.063 29.070.9 7.3470.07 10477 3.2370.10 8.1570.08
NLC-R1.0 0.698 356 5.55 2.870.3 1.2970.05 56.272.8 7.9370.28 15776 6.8670.35 9.6770.34
NLC-R1.5 0.723 231 3.35 2.370.2 1.1770.03 61.472.5 8.5970.47 20876 10.970.4 15.370.8
LC-R1.0 0.725 273 4.91 2.770.1 0.95070.025 46.671.7 28.772.4 13874 6.7770.25 41.773.5
LC-R1.5 0.732 168 3.16 1.570.1 1.0270.03 50.871.9 30.070.9 15075 7.5070.28 44.271.3

a1 dtex=1 g km�1.
b1 cN dtex�1=105 N m kg�1.
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Since RGO fibers as supercapacitor electrodes work in an
electrolyte solution, a wet MB adsorption test is preferred.
As is shown in Table 1, the SSA of the NLC-spun RGO fibers
obviously decreased with increasing R, which is consistent
with the increase of the degree of compact stacking of the
RGO sheets and
the decrease of pore size observed from SEM images.
Meanwhile, the NLC-spun RGO fibers have much higher SSA
values than the LC-spun ones at the same R as a result of the
poorer stacking of the RGO sheets. It is expected that a
higher SSA would be beneficial for the electrochemical
performance.
Mechanical and electrical performance of RGO
fibers

The mechanical performance and electrical conductivity of
the RGO fibers were calculated based on their linear density
and average cross-sectional area (Figures S12–S16), and the
results are summarized in Table 1 (Figure S17). It can be
seen that the tensile strength and elastic modulus of the
NLC-spun RGO fibers increased as the jet stretch ratio R was
increased, with maximum values of 208 MPa and 10.9 GPa
when R=1.5. This is due to the smallest pore size and the
highest orientation of the NLC-R1.5-RGO fiber. NLC-spun
RGO fibers showed a little higher strength than LC-spun
ones, which may be ascribed to their smoother surfaces,
thicker arms and less large defects. Note that our porous
NLC-R0.5-RGO fiber (101 MPa) is significantly stronger than
the porous RGO fibers obtained by LC spinning using acetone
as the coagulant (�48 MPa) [47]. And the strength of the
NLC-R1.0/1.5-RGO fibers is comparable to that of those
prepared by pipe-confined hydrothermal assembly or LC
spinning using NaOH solution as coagulant (Table S1)
[20,17,34]. It is believed that the strength could be further
improved by using acetic acid coagulation containing diva-
lent metal salts [19].

The electrical conductivities of the NLC-spun RGO fibers
were calculated to be 815, 967 and 1530 S m�1 for R=0.5,
1.0 and 1.5, respectively, which are comparable to that of
drawing assembled porous graphene fibers and hydrother-
mally assembled RGO fibers (Table S1) [18,20]. It was found
that the NLC-spun RGO fibers showed lower conductivity
than the LC-spun ones at the same R (4170 and 4420 S m�1

for R=1.0 and 1.5, respectively), which may be ascribed to
their larger pore size, lower orientation along the fiber axis
and fewer edge-to-edge contacts between the RGO sheets.
Nevertheless, it might be improved by thermal annealing
treatment or by introducing conductive fillers such as
carbon nanotubes [48,32].
Electrochemical behavior of RGO fibers and
supercapacitors

Free-standing RGO fibers were used as working electrodes in
order to demonstrate their potential as both the active
material and the current collector (Figure S18). It was
initially found that the original RGO fibers directly tested
in 1 M H2SO4 exhibited moderate capacitive performance
(Figure S19). Among these fibers, the NLC-R0.5-RGO fiber
demonstrated the highest specific capacitances (51.4, 40.3
and 23 F g�1 at 2, 5 and 10 mV s�1, respectively), due to its
largest pore size and highest SSA. The macrospores in the
NLC-R0.5-RGO fiber could be filled by 1 M H2SO4 at some
degree under the electrical field during charging, while the
tiny pores in the NLC-R1.0/1.5-RGO fibers could not be
effectively filled by the electrolyte due to their higher
capillary pressure. These capacitance values are still far
superior to a CNT-coated carbon fiber (11 F g�1 at 10 mV
s�1 in 1 M H2SO4) [49] and a twist-spun CNT fiber (14.7 F g�1

at 5 mV s�1 in 0.5 M H2SO4 [50]. The porous NLC-R0.5-RGO
fibers were further assembled into a solid-state super-
capacitor using H2SO4/PVA/H2O gel electrolyte. This device
showed a specific capacitance of 39.1 F g�1 at 0.2 A g�1

(0.15 mA cm�2), which is significantly higher than that of a
LC-spun compact RGO fiber supercapacitor (3.77 F cm�3 or
less than 8.5 F g�1 at 0.1 mA cm�2) [31], and comparable to
that of a core-shell graphene fiber supercapacitor (�38 F
g�1 at 0.2 A g�1) [30], demonstrating the advantage of our
NLC-spinning method. However, all of these values are still
unsatisfactory compared with the theoretical double-layer
capacitance of graphene. The main reason may be that RGO
fibers could not be effectively wetted by 1 M H2SO4, as
revealed by the observation that they floated on the surface
of this electrolyte easily without obvious deformation
(Movie S2), due to the hydrophobicity of RGO sheets
and air-filled microspores. However, we noted that the
capacitance of a NLC-R0.5-RGO fiber increased by an
astonishing 137% after 4000 charge-discharge cycles at
0.8 A g�1 (Figure S19). This enhancement is possibly due
to the electrochemically induced gradual wetting and
expansion of the compact graphene layers by adsorption
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and insertion of hydrated electrolyte ions, and implies high
intrinsic capacitance of the NLC-spun RGO fibers.

Inspired by this observation, we developed a very simple
way to enhance the capacitive performance of RGO fibers in
H2SO4 electrolyte. A RGO fiber was firstly immersed in a 6 M
KOH solution for 10 min before being tested in the 1 M H2SO4

solution. It was observed that once contacted with 6 M KOH,
the RGO fiber immediately bent and then gradually recov-
ered to close to its original shape (Movie S3), indicating an
efficient diffusion of the KOH solution into the RGO fiber.
This is because the acidic groups in the RGO fiber such as
carboxyl groups, as indicated by XPS analysis (Figure S3),
can react with basic OH� ions and become repulsive COO�

ions, which render the expansion of compact RGO sheets
and allow more KOH solution diffusing into the core. Since
KOH reacts with H2SO4, the KOH-wetted RGO fiber can
easily absorb H2SO4 solution and shows excellent affinity to
1 M H2SO4 electrolyte. The benefit of KOH-wetting was
confirmed by the remarkably increased area of the CV curve
of the KOH-solution wetted RGO fiber compared with either
the original or ethanol-wetted RGO fiber (Figure S20). So we
used this method to evaluate the capacitive behavior of all
the RGO fibers in the 1 M H2SO4 solution. A 6 M KOH solution
is not preferred as electrolyte for this evaluation, because it
is not stable in air when used as gel electrolyte in a solid-
state supercapacitor.

The electrochemical performance of the KOH-wetted RGO
fibers in 1 M H2SO4 is shown in Figure 4 and Figure S21.
Though less conductive than the LC-spun RGO fibers, the
NLC-spun RGO fibers displayed two obvious redox peaks and
much larger area in the CV curves at the same scan rate, due
to their larger pore size, higher SSA and more locally aligned
structure in the radial plane. The presence of redox peaks is
attributed to the efficiently exposed residual oxygen-
containing groups on RGO nanosheets, such as –COOH, –

C=O and phenol groups, which can be reduced or oxidized in
both acidic and basic electrolytes but not in neutral electro-
lytes (Figure S20a) [32,51]. This electrolyte effect has been
also found for thermally reduced GO films as reported by Kim
et al. [51]. Though wetted by KOH solution, the LC-spun RGO
fiber showed much lower current density and very weak
redox peaks in the CV curve, implying a tight stacking of RGO
sheets. The results of GCD tests (Figure 4c) reveal that the
KOH-wetted NLC-R1.0-RGO fiber exhibited the highest spe-
Figure 4 Electrochemical performance of RGO fibers in 1 M H2SO
(a) CV curves at a scan rate of 2 mV s�1. (b) GCD curves of NLC-R1
specific capacitance on the current density.
cific capacitance, because of its moderate pore size and local
alignment. It can be imagined that the ion-diffusion path
along the radial direction of a KOH-wetted NLC-R0.5-RGO
fiber with the largest, disordered pores would be much
longer than that of a KOH-wetted NLC-R1.0-RGO fiber with
aligned pores (Figure S22). As for the KOH-wetted NLC-R1.5-
RGO fiber with a highly aligned and dense structure, the ion
diffusion would be hindered at some degree by the tight
stacking of RGO sheets. These suppositions are confirmed by
the electrochemical impedance spectra (Figure S21), where
the NLC-R1.0-RGO fiber showed the smallest semicircle at
the high frequency region. Since the KOH-wetted RGO fibers
in 1 M H2SO4 are readily filled by the electrolyte, their
capacitive behaviors are mainly diffusion-controlled, totally
different from those of the pristine non-wetted ones which
are mainly wetting-controlled (Figure S22).

Owing to the unique structure as well as the contribution
of pseudo-capacitive oxygen-containing groups, the mass-
specific capacitance of the KOH-wetted NLC-R1.0-RGO fiber
was as high as 279 F g�1 at 0.2 A g�1, corresponding to an
extraordinarily high volume-specific capacitance of 340 F
cm�3 at 0.244 A cm�3 (0.085 mA cm�2) due to the dense
pore structure. This value is superior to that of an
electrolyte-mediated compact RGO film (255.5 F cm�3 at
0.1 A g�1 in 1 M H2SO4) [52], and even much higher than
that of a LC-spun RGO+CNT@CMC hybrid fiber (239 F cm�3

at 0.1 mA cm�2 in 1 M H2SO4) [36], a hydrothermally
assembled N-doped RGO/SWCNT hybrid fiber (305 F cm�3

at 0.0735 A cm�3 in 1 M H2SO4) [32], and a CNT/PEDOT
hybrid fiber (167 F cm�3 at 10 mV s�1 in 1 M H2SO4) [53].
The specific capacitance at 1.0 A g�1 (1.22 A cm�3) reached
194 F g�1 (237 F cm�3, Table S2) and is comparable to that
of a 3D graphene hydrogel on a gold-coated polyimide film
(�190 F g�1 at 1 A g�1 in 1 M H2SO4) [5]. And the value was
still as high as 146 F g�1 (178 F cm�3) at 2.0 A g�1 (2.44 A
cm�3), indicating a good rate performance considering no
other current collector was used. Furthermore, it is worth
noting that the mechanical strength of our NLC-R1.0-RGO
fiber (157 MPa) is also much higher than that of N-doped
RGO/SWCNT hybrid fiber (84 MPa) [32] and LC-spun RGO
+CNT@CMC hybrid fiber (o116 MPa) [36], demonstrating
the advantage of our spinning method.

A flexible solid-state fiber supercapacitor was assembled
from KOH-wetted NLC-R1.0-RGO fibers (Figure 5a). CV and
4. All the fibers were wetted by a 6 M KOH solution before tests.
.0-RGO fibers at different current densities. (c) Dependence of the
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GCD tests were performed in the potential range of 0–1.0 V,
and the results are shown in Figure 5b and c, respectively.
The CV curves were almost rectangular at low scan rates,
and the GCD curves had a triangular shape, indicating a
good charge transport between the two electrodes. The
specific capacitance of the electrode was 185 F g�1 (226 F
cm�3, Table S3) at a current density of 0.2 A g�1 (0.244 A
cm�3, 0.085 mA cm�2). Compared with other solid-state
fiber supercapacitors (Table S4), this value is �60 times
higher than that of a LC-spun compact RGO fiber (CaCl2
solution as coagulant) (3.77 F cm�3 at 0.1 mA cm�2) [31],
much higher than that of a LC-spun MoS2/RGO hybrid fiber
Figure 5 Electrochemical performance of solid-state supercapacito
supercapacitor assembled from two single RGO fibers as electr
supercapacitor as shown in (a). (b) CV curves. (c) GCD curves. (d)
density. (e) The GCD cycling performance at a current density of 1 A
1000 times. The inset is the variation of the capacitance at diff
assembled from six bundles of RGO fibers. This device was sewed int
�5 min after being charged to 3 V at a scan rate of 10 mV s�1 (5 min
of (A) a commercial 4 V/500 μAh thin Li-film battery [54]; (B) th
supercapacitor in-series as shown in (g); (D) a CNT/RGO@CMC
supercapacitor [53]; (F) a commercial 2.75 V/44 mF active carbo
capacitor [56]; and (H) a commercial 3 V/300 μF Al-electrolytic cap
(30 F cm�3 at 0.1 μA) and a core–shell all-graphene fiber
(�38 F g�1 at 0.2 A g�1) [37], superior to that of a LC-spun
RGO+CNT@CMC hybrid fiber (158 F cm�3 at 0.1 mA cm�2)
[36] and a hydrothermally assembled N-doped RGO/SWCNT
hybrid fiber (�200 F cm�3 at �0.27 A cm�3, excluding the
gel electrolyte) [32]. As shown in Figure 5d, the capacitance
decreased to 65.2 F g�1 (79.5 F cm�3) when the current
density increased to 2.0 A g�1, which can be ascribed to the
dense pore structure. And a capacitance retention rate of
92% was observed after 1000 charge-discharge cycles
(Figure 5e) at 1.0 A g�1. The small capacitance loss may
be attributed to the gradual degradation of redox groups
rs assembled from NLC-R1.0-RGO fibers. (a) Photo of a 1 V fiber
odes at straight and bent state. (b–f) Performance of the
Dependence of the volume-specific capacitance on the current
g�1. (f) Capacitance stability during bending from 0o to 180o for
erent bending angles. (g) Photo of a 3 V yarn supercapacitor
o a textile and could power a red light-emission diode (LED) for
). (h) GCD curves of the device as shown in (g). (i) Ragone plots
e 1 V fiber supercapacitor as shown in (a); (C) the 3 V yarn
hybrid fiber supercapacitor [36]; (E) a PEDOT/CNT fiber

n supercapacitor [55]; (G) a MnO2-loaded carbon fiber super-
acitor [55].
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[51] and the evaporation of water in the gel electrolyte to
the air. Figure 5f shows that the capacitance increased
slightly by 14% when the device is bent to 1801, and
retained 91% after cyclic bending from 01 to 1801 for 1000
times, demonstrating excellent flexibility and bending sta-
bility of this device.

In order to demonstrate the concept of wearable super-
capacitors, three solid-state yarn supercapacitors connected in
series were similarly assembled and further sewed into a textile
(Figure 5g). This integrated device was flexible and was able to
power a red LED for �5 min after being charged to 3 V at a
scan rate of 10 mV s�1 (Figure S23). The GCD curves in
Figure 5h indicate that this device could be reversibly charged
and discharged to 3 V and exhibited a device capacitance of
1.12 mF at a current of 7.45 μA, corresponding to an electrode
capacitance of 179 F g�1 (218 F cm�3) at a current density of
0.2 A g�1. Figure 5i compares the energy and power densities
of this 3 V yarn supercapacitor and the aforementioned 1 V fiber
supercapacitor with some other fiber supercapacitors as well as
some commercial energy-storage devices. The 1 V fiber super-
capacitor possessed an energy density of 5.76 Wh kg�1

(7.03 mWh cm�3) at an power density of 47.3 W kg�1 (57.7 mW
cm�3). This value is two orders of magnitude higher than that
of an asymmetric supercapacitor assembled from carbon-fiber
fabrics grown with MnO2 nanowires and Fe2O3 nanotubes
(0.55 mWh cm�3) [57], much more superior to that of a CNT/
PEDOT hybrid fiber supercapacitor(1.4 mW cm�3) [53] and a
RGO+CNT@CMC hybrid fiber supercapacitor (3.5 mWh cm�3)
[36], and also comparable with that of a N-doped RGO/SWCNT
hybrid fiber supercapacitor (�6.3 or �10.5 mWh cm�3 includ-
ing or excluding the gel electrolyte, respectively) [32] and an
asymmetric supercapacitor assembled from N-doped and MnO2-
loaded RGO/SWCNT fibers (�5 mWh cm�3 including the gel
electrolyte) [58]. Compared with the 1 V fiber supercapacitor,
the 3 V yarn supercapacitor had a bit lower power densities but
similar energy densities (1.07–6.28 mWh cm�3), which are
three orders of magnitude higher than those of a commercial
3 V/300 μF Al-electrolytic capacitor [55], about 10 times higher
than those of a commercial 2.75 V/44 mF active carbon super-
capacitor [55], and even comparable to those of a commercial
4 V/500 μAh thin Li-film battery [54]. Meanwhile, the power
densities (55.6–185 mW cm�3) are �40 times of those of the
thin Li-film battery, though lower than those of the active
carbon supercapacitor and the Al-electrolytic capacitor. There-
fore, further improvement in the power density of our super-
capacitors will be focused in the future.
Conclusions

In summary, we developed a simple and scalable NLC spinning
strategy to prepare continuous locally aligned RGO fibers. These
fibers showed smooth surfaces with a fine bark-like morphology
and different shaped cross-sections with a tunable, locally
aligned pore structure. Despite not being doped with nanofil-
lers, they exhibited remarkably higher volume-specific capaci-
tance than most of the neat and hybrid RGO fibers and CNT
hybrid fibers prepared by conventional methods. And flexible
solid-state supercapacitors assembled from these fibers pos-
sessed energy densities comparable to those of a commercial
thin Li-film battery, while showed significantly higher power
densities. We further demonstrated that a 3 V yarn
supercapacitor can be integrated into a textile and was able
to power a LED for several minutes after being charged. It is
expected that these fibers will have great potential in a variety
of applications, such as micro-batteries, sensors, actuators and
wearable electronics. We also believe that the NLC spinning
may be a general assembly method for the preparation of
macroscopic fibers from various functional two-dimensional
materials.
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