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T
he quest for achieving lightweight,
flexible, mechanically strong carbon-
based energy storage systems (in-

cluding but not limited to graphene), as a
possible energy source for smart wearable
garments and miniaturized electronic gad-
gets, has necessitated the demand for multi-
functional high-performance, cost-effective
electrode materials.1�4 However, most pro-
cessing methods such as microelectrome-
chanical system technology are not prac-
tically scalable and do not yet have the ability
to be integrated into commercially feasible
processes.5,6 Nevertheless, the electrochemical

capacitance values of such graphene-based
devices still fall short of the theoretical value
of 550 F g�1,7,8 with values of 265 F g�1 per
electrode, the best to date.7

In this regard, 3D architectures produced
from fiber spinning can potentially provide
conductive, highly porous 3D frameworks
for designing multifunctional microsuper-
capacitor electrodes.4,5,9�12 The fibrous ar-
chitecture is fully scalable for large-scale
applications such as integrated flexible
and lightweight fabric supercapacitors,
which can be further used in smart gar-
ments and electronic gadgets.2,3,5,13�16
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ABSTRACT The successful commercialization of smart wearable

garments is hindered by the lack of fully integrated carbon-based

energy storage devices into smart wearables. Since electrodes are

the active components that determine the performance of energy

storage systems, it is important to rationally design and engineer

hierarchical architectures atboth the nano- and macroscale that can

enjoy all of the necessary requirements for a perfect electrode. Here

we demonstrate a large-scale flexible fabrication of highly porous

high-performance multifunctional graphene oxide (GO) and rGO fibers and yarns by taking advantage of the intrinsic soft self-assembly behavior of

ultralarge graphene oxide liquid crystalline dispersions. The produced yarns, which are the only practical form of these architectures for real-life device

applications, were found to bemechanically robust (Young's modulus in excess of 29 GPa) and exhibited high native electrical conductivity (2508( 632 S m�1)

and exceptionally high specific surface area (2605 m2 g�1 before reduction and 2210 m2 g�1 after reduction). Furthermore, the highly porous nature of these

architectures enabled us to translate the superior electrochemical properties of individual graphene sheets into practical everyday use devices with complex

geometrical architectures. The as-prepared final architectures exhibited an open network structure with a continuous ion transport network, resulting

in unrivaled charge storage capacity (409 F g�1 at 1 A g�1) and rate capability (56 F g�1 at 100 A g�1) while maintaining their strong flexible nature.
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However, high-performance multifunctional synthetic
fibers produced to date, although of interest from a
mechanical and electrical point of view, suffer from low
electrochemical performance, which is crucial to the
realization of multifunctional textiles required for the
advancement of smart electronic devices.11,16�18

Graphene oxide liquid crystal (LC) dispersions hold
great promise in terms of flexibility in processing, high
unidirectional properties of the final architectures, and
easy integration into complex architectures.10,19�28

The recent breakthrough in wet-spinning of graphene
fibers from graphene oxide LC dispersions is promising
as a result of factors including outstanding mechanical
and electrical properties, in a cost-effective manufac-
turing process.10,25 However, in order to utilize these
compelling architectural advances in electronic de-
vices such as wearable electronic textiles and implan-
table medical devices, highly scalable graphene fibers
and yarns with attractive supercapacitor performance
need to be developed.
In the present work, we demonstrate that the key to

producing such fibers and yarns is to preserve the large
sheet size even after the reduction of GO while simul-
taneously maintaining a high interlayer spacing in
between graphene sheets. This in conjunction with
maximizing the number of covalently bonded carbon
atoms per unit volume or mass and significantly redu-
cing the number of other atoms present at the system
and attached to graphene sheets resulted in excep-
tional electrochemical performance. To achieve this
goal, we developed an optimized commercially viable,
simple wet-spinning route, followed by an optimal,
facile heat-treatment regime to achieve extraordinary
capacitance values as high as 409 F g�1/electrode in a
practical two-electrode configuration. Both fibers and
yarns exhibited outstanding tensile strength and could
be easily weaved into conductive textiles, opening up
opportunities for the application of graphene in wear-
able electronic gadgets.

RESULTS AND DISCUSSION

The outstanding mechanical properties of large
graphene oxide/graphene sheets suggest the possibi-
lity of processing them directly into fibers without
the need for a subsequent cross-linking step. The LC
spinning technique has this unique advantage in that,
without the addition of any binders, it can produce
3D self-assembled and aligned microstructures. To
achieve 3D self-assembled, binder-free, aligned micro-
structures with separated graphene oxide sheets, we
present a continuous graphene oxide (GO) fiber spin-
ningmethod from slightly acidic LC dopants (pH∼3) in
a pure acetone bath. LC GO dispersions were found to
be easily spinnable in various wet-spinning methods
through spinning of both fibers and yarns (Figure 1).
The as-produced fibers could maintain their structural
integrity even in the presence of water (Figure1b). The

flexibility of the as-prepared fibers was also demon-
strated by pulling a tied GO fiber to form an overhand
knot. It should be noted that for as-prepared GO fibers
spun using acetone the lateral cohesion of the adjacent
GO sheets was attributed to the strong van der Waals
interactions (from the hydrophobic polyaromatic nano-
graphenedomains remainingon thebasal planes) and the
formation of hydrogen bonds (mediated by the oxyge-
nated functional groups and water molecules).10,29�31

The as-prepared GO fibers in the acetone bath ex-
hibited a layered structure, as evidenced by the mea-
sured d-spacing in X-ray diffraction (XRD) analysis
(Figure S1). The high interlayer d-spacing in the fiber
structure, if preserved, can then serve as a platform to
translate the superior properties of graphene sheets
into practical everyday use devices with complex
geometrical architectures through the prevention of
the agglomeration of these sheets at large scale.
In contrast to polymer/ion-containing water-based

coagulant baths, the acidic condition of the initial spin-
ning dopant promotes the rate of fiber formation/
solidification, resulting in a more porous fiber geometry
as detailed in Figure 2. Acetone's advantage in this
regard, compared to other coagulants, lies in the ability
of acetone to expel water from the fiber atmuch higher
rates, enabling the formation of highly porous archi-
tectures (Figure 2b). This is a direct result of its very low
viscosity (leading to viscosity difference displacement),
high mobility, and high diffusion coefficient compared
to water and finally the imbibition rate of acetone
compared to other solvents (see Supporting Informa-
tion for details). Employing slightly acidic GO disper-
sions (pH ∼3), therefore, leads to more enhanced
porosity (Figure 2c). This structure resembles that of a
freeze-dried structure due to the very fast dehydration
rate of acetone, exhibiting a very high surface area of
2605 m2 g�1 (see Supporting Information for more
details).
Furthermore, the enhanced hydrogen bonding be-

tween the sheets as a result of the acidic condition and
thewatermolecules confined between the layers plays
a crucial role to separate the sheets in the ordered yet
porous structures induced by the LC state, as evident
from the polarized optical micrograph presented in
Figure S2.
However, such a fiber architecture without the

reduction of graphene oxide cannot be directly used
in electrodes due to the lack of electrical conductivity,
which renders it impractical for energy storage appli-
cations. However, the reduction of LC GOmay result in
the restacking of the sheets. Ideally, the restacking
should be kept to a minimum to maintain the required
interlayer spacing and porosity, as demonstrated by
studies on quantum capacitance and ac-line filtering
performance, where graphene has been shown to
affordmuch higher storage capacities when individual,
separated graphene sheets are predominant.8,32
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Therefore, careful, rational nanoarchitectonic design
and spacing of individual graphene layers is crucial for
high-performance energy storage devices.33 To this
end, different research groups have implemented
various strategies to prevent the restacking of gra-
phene sheets, including introducing carbon nanotubes
(CNTs) in between the sheets,20,29,34 using hydrated
chemically converted graphene sheets,35 and laser
scribing of graphene oxide.7,36 Our strategy here was
to heat-treat the as-prepared graphene oxide fibers
at an optimal temperature region of 200�220 �C to
minimize restacking and maintaining surface area
while simultaneously reducing GO sheets, as evi-
denced by XRD, scanning electron microscopy (SEM),
Raman, and X-ray photoelectron spectroscopy (XPS)
analysis (Figure 3). Heat-treatment-induced reduction
compared to other methods of reduction enables the
fine-tuning of the reduction process by simply chan-
ging the reduction temperature. Therefore, more

control can be exercised on the reduction process
while simultaneously keeping a minimum level of
multifunctional groups present in the system. These
multifunctionalities can then act as pillars, inhibiting
the restacking of graphene sheets. The XRD pattern
shows a broad distribution of d-spacing and pore sizes
in the final architecture (from 0.3 to 0.65 nm). This
spacing dimension is crucial for the functional design
of our reduced graphene oxide (rGO) fibers. This inter-
sheet d-spacing was in accordance with self-stacked,
solvated graphene (SSG) films, which are known to
afford high capacitance values.35 Pore sizes at this
region (less than 1 nm) cannot be directly investigated
by BET-N2 gas adsorption measurements, as these
pores are not sufficiently accessible to nitrogen be-
cause the filling of the pores takes place at relative
pressures of 10�7 to 10�5 (see Supporting Information
for more details).37,38 Therefore, XRD serves as one of
the best techniques to directly probe these pore sizes.

Figure 1. Spinning of GO fibers and yarns. (a) Digital image of the formation of gel-stateGO yarns produced using amultihole
spinneret. As the LC GO is injected into the coagulation bath, GO filaments are being coagulated instantly by the coagulation
solution. (b) Dried GO yarn can be easily separated into individual filaments when they are immersed in water. However, the
fibers could still maintain their structural integrity in the presence of water. FESEM micrographs of (c) an irregularly shaped
GO fiber, (d) a GO yarn composed of many GO fibers, (e) an unwoven GO fiber yarn, and (f) a loosely knotted GO yarn
demonstrating the flexibility of the as-prepared GO fibers in an acetone bath.
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The higher d-spacing value is attributed to the pre-
sence of some remaining functionalities on the surface
of the reduced graphene oxide fiber after thermal
reduction, as described previously and demonstrated
in Figure 3C (XPS characterization of as-prepared rGO)
and Figures S3 and S4 (XPS and FT-IR characterization
of as-prepared GO fibers and rGO). Shown in the
spectrum of the annealed rGO fiber after deconvolu-
tion of the peaks are the major C in graphite (C 1s A,
284.5 eV) and minor peaks C�OH (C 1s B, 285.6 eV),
CdO (C 1s D, 28.2 eV), and C(O)O (C 1s E, 289.4 eV).
Quantitatively, from the surveys, upon heat-treatment
reduction, the oxygen content fell from36.6 to 11wt%.
This translates to a carbon to oxygen ratio increase
from 0.33 in GO to 0.89 in rGO, indicating the effec-
tiveness of the reduction regime. These observations are
in good agreementwith literature values for rGOs,where
the C content ranges from 60 to 86.4 wt % and the
oxygen content ranges from 11.3 to 34.6 wt %.21,22,39

Importantly, this reduction regime does not ad-
versely affect the final sheet size of the layers, as
evidenced by Figure 3d (electron micrograph of

ultralarge rGO sheets in excess of 50 μm) and Figure S5
(high-throughput optical micrograph of rGO sheets).
As previously demonstrated by our group and others,
fibers from large GO sheets can also give rise to higher
electrical and mechanical properties as a result of the
reduction of the number of graphene sheet ends in the
fiber and reducing graphene junctions like the case
with long CNTs.10,40,41

Representative stress�strain curves of rGO fibers
and spun yarns are compared in Figure 4a. It should
be noted that although promising breakthroughs have
been made in the case of GO and rGO fibers,10,42 no
reports yet exist on mechanical properties of GO and
rGO yarns, which is the only practical form of these
structures in real-life applications. The mechanical
properties along with the comparison with previous
reports on graphene fibers are summarized in Table S1.
It is evident from the results that the employed

coagulation bath and reduction of the GO sheets
influence the mechanical properties of GO and rGO
fibers. Both fibers and yarns fabricated with the meth-
od described here demonstrated exceptional tensile

Figure 2. Proposed strategies for the evolution of structure in different coagulation baths from (a) highly dense to (c) highly
porous architectures. (a) Employing a water-based coagulation bath results in slow expulsion of water from the as-injected
gel-state fiber-like structure. Therefore, to be able to pick up such fibers, the length of the bath should be optimized to enable
the formationof a solid-like sheath around the core of thefiber. Thefiber can thenbe taken from thebath and transferred on a
spool for the evaporation of the water from the fiber, resulting in a highly dense structure (a-i and a-ii). (b) Using an acetone
coagulation bath results in the high rate of water extraction from the surface as a result of the difference in imbibition rate
(see Supporting Information formore details), consequently leading to higher rate of solidification and porous fiber structure
(b-i and b-ii). (c) The slight acidic condition of LC GO dopants (pH ∼3) further changes the difference in imbibition rate,
resulting in much higher water extraction rate and consequently more porous geometry (c-i and c-ii).
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modulus, which was indicative of high alignment of GO
and reduced graphene sheets in the final architecture.
The best GO fiber and yarns' modulus (ca. 20.5 and 29.4
GPa, respectively) was even higher than cross-linked GO
and rGO-based fibers such as GO fibers coagulated in
chitosan (ca. 22.6 GPa) and CaCl2 (ca. 20.1 GPa) and
higher than all of the other previously reported GO and
rGO fibers.10,43,44 This can be explained by the higher
degree of hydrogen bondingwithin the structure, due to
the acidic condition in which GO fibers are formed,
resulting in stronger interactions between GO sheets.
The best rGO fibers and yarns also exhibited higher
tensile modulus (ca. 10.13 and 10.8 GPa, respectively)

compared to rGO fibers reduced byHI acid (ca. 5.4GPa)42

and partially reduced graphene oxide fibers using NaOH
(9 GPa).10 The results were also comparable with rGO
fibers coagulated byNaOHand further reduced at 220 �C
(11 GPa) in our previous report.10 In terms of ultimate
stress and elongation at break, these GO and rGO fibers
and yarns were inferior to our previous report, which is
due to the highly porous architecture of our as-produced
fibers and yarns.10 The annealed rGOfibers also exhibited
a native conductivity of ca. 2508 ( 632 S m�1, higher
than both rGO fibers coagulated by NaOH and laser-
scribed rGO, making them suitable for achieving high
electrochemical double layer capacitance (EDLC).7,10

Figure 3. Structural characterization of as-reduced graphene sheets. (a) Comparison of XRD patterns of GO fiber (d-spacing
∼0.84 nm) and rGO fiber (d-spacing in the range of 0.3 to 0.65 nm). (b) Comparative Raman spectra of GO and rGO fiber
showing the evolution of the 2D band at around 2600 cm�1, which serves as evidence for the reduction of GO. (c) XPS spectra
of the C 1s regionof rGO structures after the deconvolution of the peaks. The oxygen content of the rGOwasdetermined to be
11.0%after quantitativemeasurement from the survey (Figure S4). (d) Representative SEMmicrographof as-heat-treated rGO
sheets, verifying the ultralarge nature of our as-prepared rGO.

Figure 4. Mechanical performance of fibers and yarns. (a) Representative stress�stain curves of GO and rGO fibers and yarns
indicatinghigh tensile strengthof all architectures. (b) SEMmicrographof tight-knotted rGOyarnsdemonstratingmechanical
stability of the as-prepared rGO yarns.
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The mechanical stability and flexibility of these rGO
fibers were verified by pulling a tied rGO yarn to form a
tight overhand knot (Figure 4b). No breakage occurred
when the fiber was curved into a tightened knot. The
mechanical stability of these fibers was used to weave
different patterns and geometries that are suitable for
a range of different applications, including large-area
electronics (Figure 5a). This is important for electro-
chemical capacitor applications and is mainly due to
the fact that the need for any additional binders or
conductive additives can be eliminated and the as-
prepared hand-knitted textile fabricated from gra-
phene fibers can act as both current collector and
the active material simultaneously. This design con-
cept can be further used to fabricate porous light-
weight textile supercapacitors that can be integrated
into smart garments. Devices can be fabricated by
simply using a membrane separator in between two
textile electrodes (Figure 5b). Other devices can also be
made by spinning graphene fiber yarns directly on top
of a charge collector or putting these materials onto
aluminum or titanium foils that are typically used in
commercial devices. As a proof of concept, we pre-
pared a range of different electrodes and devices to
evaluate the capacitance performance of thesemateri-
als, including both free-standing fibers and patterned
geometries of graphene fiber yarns on titanium foils
fabricated with different methods of wet-spinning:
nonsolvent precipitation, dispersion destabilization

using acid, base, or salt solutions, and ionic cross-
linking using divalent cations with the same reduction
regime.
The heat-treated graphene fiber yarns produced in

an acetone bath, alkaline bath (NaOH), and ionic cross-
linking agents using a divalent cation bath (CaCl2) were
all evaluated in terms of electrochemical performance
based on their cyclic voltammogram (CV) response at
10 mV s�1 (Figures 5c and S6). All systems showed
a near-rectangular CV curve representative of good
EDLC performance. However, yarns fabricated via wet-
spinning of GO dispersions in an acetone bath exhib-
ited amuch better electrochemical response (both as a
free-standing form or supported by a charge collector,
Figure 5c). Use of cross-linking agents results in the
addition of impurities to the systemand adulteration of
carbon bonds, consequently leading to much lower
electric double layer capacitance. Wet-spinning of GO
dispersions in an acetone bath prevents the adultera-
tion effects of impurities into the system. The adultera-
tion effect of impurity atoms in the case of other
coagulant baths is, therefore, the main reason behind
the much lower observed electrochemical perfor-
mance. The compact fiber architectures as shown in
Figure 2a, which is a direct result of the slow coagula-
tion/dehydration process, can also adversely affect the
electrochemical performance of the fibers, as demon-
strated in the cyclic voltammograms presented in
Figure 5c.

Figure 5. Electrochemical capacitor: design and performance. (a) Hand-weaving of rGO fiber yarns into a flexible and
conductive textile. (b) Schematic of the electrochemical capacitor cell assembly fabricated in this study. (c) Cyclic
voltammograms of heat-treated graphene fiber yarns produced in an acetone bath (both free-standing and deposited on
charge collectors), alkaline bath (NaOH), and ionic cross-linking using a divalent cation bath (CaCl2) in 1MH2SO4 at 10mV s�1

clearly showing the superior performance of thefibers produced in an acetonebath. (d) Calculated specific capacitanceof rGO
fiber yarns fabricated in an acetone bath at various scan rates.
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Therefore, yarns prepared in an acetone bath were
chosen for the evaluation of their possible use as
supercapacitor electrodes. Calculations for specific
capacitance per electrode, energy density, and power
density were performed following the methods pre-
viously reported.13,45,46 The as-reduced acetone bath
fabricated device showed remarkable electrochemical
performance. The free-standing system showed a re-
markable capacitance of 394 F g�1 (0.99 mF cm�1) at a
scan rate of 10 mV s�1 (a total capacitance of 40 mF for
the device) and continued to provide an outstanding
capacitance of 160 at 100 mV s�1 (Figures S7 and S8).
The capacitive behavior of as-prepared electrodes ex-
hibited low resistivity, as evidenced by the rectangular
shape observed in the voltammograms (Figure 5c).
However, even this low resistivity can limit the perfor-
mance of the configurations at faster scan rates, as
demonstrated by the high drop in capacitance at
higher scan rates. To overcome this problem, devices
were fabricated using charge collectors. Employ-
ing charge collectors resulted in higher capacitance
(399 F g�1 at 10mV s�1). Even at a very high scan rate of
100 mV s�1, an outstanding capacitance of close to
300 F g�1 was obtained (Figure 5d and Figures S9 and
S10).
With galvanostatic cycling, even at a high current

density of 10 A g�1, the IR drop at the start of the
discharge curve (Figure S11) was negligible, which
shows the formation of an efficient EDL with fast ion
transport, implying the high rate capability of the as-
prepared rGOyarns.Moreover, the negligible IRdrop at
the start of the discharge curve was an indicator of a
device with very low equivalent series resistance, as
also evidenced by the high native conductivity of ca.

2508 ( 632 S m�1 of the yarn fibers. A high specific
capacitance value of 409 F g�1 at a current density of
1 A g�1 was obtained, comparable with the specific
capacitance values extracted from voltammograms.
This capacitance value was much higher than the
best microsupercapacitors (∼265 F g�1) and high-
performance multifunctional fibers. Table 1 sets the
electrochemical capacitance values of our fibers in the
context of a range of electrochemical data from high-
performance multifunctional fibers in the literature.
The specific capacitance values were calculated

over a range of current densities of up to 100 A g�1

(Figure 6a and Figures S12 and S13). Graphene fibers
continued to provide outstanding EDL capacitance
(56 F g�1) at the current density of 100 A g�1, compar-
able with specific capacitance values of thin film super-
capacitors and microdevices at much lower current
densities.1,6 The electrodes were tested for 5000 cycles
at a current density of 10 A g�1 and showed no visible
capacitance loss (Figure 6c).
Substantial effort has been focused toward increas-

ing the energy density of supercapacitors through the
use of metal oxides or conducting polymers, which
usually comes at the expense of cyclability or power,
and they are the governing factors that distinguish
supercapacitors from mediocre batteries.2 Here,
through the inducement of an appropriate nanostruc-
ture in graphene-based electrodes, we also demon-
strate their impressive performance (device power and
energy densities of 25 kW kg�1 and 14 Wh kg�1,
respectively, in a modest potential window of 1 V)
when used as flexible textile electrodes (Figure 6d).
Such a performance can be attributed to the in-

creased interlayer spacing, leading to enhanced access

TABLE 1. Specific Capacitance of rGO Fibers and Yarns Prepared in This Study against Previous Reports on

Multifunctional Fibers

production condition electrolyte voltage window specific capacitance (F g‑1) ref

rGO yarns coagulated in acetone bath and heat-treated
at 220 �C

1 M H2SO4 (0�1 V) 409 @ 1 A g�1 current study

400 @ 25 mV s�1

twist-spun yarns of nitrogen-doped carbon nanotubes 0.5 M H2SO4 (0�1 V) 39 @ 5 mV s�1 17
PEDOT:PSS SWNT composite fiber TBABF4/acetonitrile (0�1 V) 59 @ 50 mV s�1 4
ethylene glycol treated PEDOT:PSS fiber TBABF4/acetonitrile (0�1 V) 29 @ 20 mV s�1

(three-electrode configuration)
9

HA-CNT fiber 0.2 M H2SO4 (0�1 V) 44 47
graphene/porous carbon woven film 1 M Na2SO4 (0�1 V) 173 18
MnO2-coated graphene/porous carbon woven film 1 M Na2SO4 (0�1 V) 225 18
annealed polymer-free carbon nanotube fibers ionic liquid�solid (0�1.5 V) 100 11
carbon microfiber bundles (MWCNTS/Carbon fibers) water-based gel

electrolyte (PVA þ H3PO4)
(0�1 V) 80 @ 2 mV s�1 48

knitted CF water-based gel
electrolyte (PVA þ H3PO4)

(0�1 V) 88 @ 10 mV s�1 3

76 @ 0.4 A g�1

woven CF water-based gel electrolyte
(PVA þ H3PO4)

(0�1 V) 63 @ 10 mV s�1 3

63 @ 0.4 A g�1

graphene microfibers H2SO4 PVA gel (0�1 V) 40 16
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of ions to the interplanar space between the sheets.
Furthermore, the sheet size of individual graphene
sheets plays a crucial role in achieving high capaci-
tance values, as large sheet size essentiallymeansmore
uninterrupted surface and less grain boundaries, which
are essential for achieving both high conductivity and
higher EDL capacitance. The prevention of restacking,
as demonstrated in Figure 3a and fiber cross sections
(Figure 2c) can result in the easy access of electrolyte
ions into the open pores of the structure. As only the
surfaces that are in direct contact with the electrolyte
contribute to overall capacitance, the open network
structure results in the maximum theoretical surface,
thus yielding enhanced capacitive performance. The
open pores formed within fibers (Figure 2c) that es-
sentially form during the coagulation process and
structural freezing and are maintained even after
reduction resulted in attaining an extremely high sur-
face area after the reduction of the as-freozen structure
(2210 m2 g�1) and can facilitate the electrolyte acces-
sibility and ionic diffusion in graphene fibers. Such a
high surface area is an ideal medium for supercapaci-
tors, as the EDLC is directly proportional to the surface
area.33 This was also verified by the analysis of the
cross-section of fibers with FESEM, showing that the
intersheet restacking has been effectively prevented
(Figure 2c), thus allowing the separate sheets in our
multilayered fibers to behave as individual sheets.
Furthermore, due to the negative charge buildup on
the surface of rGO, it is safe to assume that positive

ions, hydronium (H3O
þ) in acidic electrolyte, will be

adsorbed on the surface of the working electrode
during the charge�discharge process. Acidic solution
(H2SO4) produces SO4

2� and H3O
þ. In terms of ionic

size, the hydrated ionic radius of SO4
2� and H3O

þ is
reported to be 400 and 280 pm, respectively, which is
less than the interlayer d-spacing of as-prepared rGO
yarns (300 to 650 pm). Therefore, this proper spacing in
our rGO architecture not only prevents restacking and
keeps the surface area high but also provides nanoen-
gineered space for ions to intercalate. Therefore, the
rGO fiber architecture provides an excellent platform
to accommodate and intercalate both ions, resulting in
enhanced capacitance values. According to the Helm-
holtz formula, small ionic size results in lower charge
separation distance; thus higher capacitance in a de-
termined surface area can be realized. Therefore, the
combination of both highly accessible surface area and
maximizing the number of covalently bonded carbon
atoms through spinning in an acetone bath are the
contributing factors toward the exceptional perfor-
mance obtained here.
The key achievement is not only to construct renew-

able and sustainable energy sources but also, perhaps
even more importantly, to store energy efficiently and
deliver it on demand, often for mobile applications,
such as transportation systems and portable electronic
devices. The findings presented here will provide prac-
tical solutions for the fabrication of a wide range of large-
scale3Dgraphene-basedarchitectures (includingmetallic

Figure 6. Electrochemical performance of rGO fiber yarns. (a) Supercapacitor performance of rGO fiber yarns in 1 M H2SO4

using a two-electrode symmetrical cell showing specific capacitance for each evaluated current density. (b) Galvanostatic
charge�discharge curves at constant current density of 10A g�1. (c) Capacitance retention for 5000 cycles at 10 A g�1 current
density. (d) Ragone plot for each evaluated current density.
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or polymer-based composites) with extensive applica-
tions in multifunctional wearables, sensors, supercapa-
citor devices, and electronic gadgets.

CONCLUSION

In summary, flexible, durable, and self-assembled
graphene textile electrodes for supercapacitors were
fabricated using a novel wet-spinning approach fol-
lowed by heat-treatment to obtain graphene fibers.
The fiber spinning route from ultralarge graphene
oxide liquid crystals provided a unique highly porous
3D platform with proper spacing dimensions, which is
highly desirable for a range of energy storage applica-
tions. The as-prepared material was then used as a

building block to fabricate cost-effective high-capacity
supercapacitor devices. The electrodes showed unri-
valed EDL capacitance performance close to the theo-
retical capacitance of graphene sheets. The approach is
readily scalable and can be used to produce multi-
functional flexible yarns. The electrochemical data and
capacitances achieved along with high energy density
of the devices demonstrate the considerable potential
of graphene fiber assemblies in the quest for maximal
electrochemical performance. The ease of synthesis
and the abundance of the starting material make the
use of these architectures an attractive, alternative way
of designing next-generation supercapacitors in both
conventional fields and new emerging areas.

METHODS

Synthesis of LC GO. The experimental setup and procedure for
the synthesis of graphene oxide liquid crystals were based on
our previously reported synthesis method.10,21�23,29 Expandable
graphite flakes (3772, Asbury Graphite Mills, US) were thermally
treated at 1050 �C for 15 s toproduce expandedgraphite (EG) and
then used as the precursor for graphene oxide synthesis. In a
typical GO synthesis, 1 g of EG and 200 mL of sulfuric acid were
mixed and stirred in a three-neck flask for 24 h. Five grams of
KMnO4wasadded to themixture and stirred at roomtemperature
for 24h. Themixturewas then cooled in an icebath, and200mLof
deionized water and 50 mL of H2O2 were poured slowly into the
mixture, resulting in a color change to light brown followed by
stirring for 30 min. The resulting dispersion was washed and
centrifuged three times with a HCl solution (9:1 vol water/HCl).
Repeated centrifugation�washing steps with deionized water
were carried out until a solution of pHg6was achieved. Large GO
sheets were redispersed in deionized water by gentle shaking.

Wet-Spinning of GO and rGO Fibers and Yarns. Wet-spinning was
carried out using a custom-built wet-spinning apparatus using
acetone as a coagulation bath. Wet-spinning of GO fibers using
CaCl2 and NaOH coagulation baths was also carried out similar
to our previous report.10 Dried GO fibers were obtained by air-
drying under tension at room temperature. Reduction of GO
fibers was carried out by overnight annealing at 220 �C under
vacuum. In addition to single-filament fiber-spinning, we were
also able to demonstrate multifilament spinning to directly
prepare GO fiber yarns using a multiorifice spinneret (each
orifice diameter is 120 μm).

Characterization of Fibers. SEM analyses were carried out by
first depositing GO sheets from their dispersions on precleaned
and silanized siliconwafers (300 nmSiO2 layer). rGO sheets were
obtained by annealing graphene oxide sheets deposited on
silanized silicon wafers overnight at 220 �C under vacuum. As-
deposited rGO sheets were directly examined by scanning elec-
tronmicroscopy (JEOL JSM-7500FA). X-ray diffraction studieswere
performed using a powder XRD system (Philips1825) with Cu KR
radiation (λ = 0.154 nm) operating at 40 keV and with a cathode
current of 20 mA. X-ray photoelectron spectroscopy was carried
out on fibers deposited onto a 1 cm2 silicon wafer and allowed
to dry. The XPS spectra were recorded using Al KR radiation
(1486.6 eV). The survey scan was recorded at 0.05 eV s�1 at 1 eV
resolution and at 0.2 eV s�1 at 0.1 eV resolution for the high-
resolution regions involving the C and O excitations. The
birefringence of the GO fiber was examined by polarized optical
microscopy (Leica DM EP) operated in transmission mode.

Supercapacitor Measurements. Supercapacitor performance
was investigated using cyclic voltammetry (EDAQ e-corder
ADI Instruments) and galvanostatic charge�discharge (CD)
(BioLogic Science Instruments VMP3) experiments in a two-
electrode setup with rGO fiber yarns deposited on a titanium
current collector and separated by a PVDFmembrane. Themass

of the active material was measured to be 50 μg for the woven
yarns. The mass per length of yarns was measured to be
2.5 μg cm�1. It should be noted that the concerns regarding
shorter diffusion paths do not apply here, as the thickness of the
activematerial is on the order of 30 μm,which is higher than the
cross-section ofmost graphene-based devices and on the order
of the thickness used in commercial cells.1,7,36,45 Moreover, the
advantage of using fibers and yarns lies in the fact that increas-
ing themass does not adversely affect the diffusion path, as the
diffusion path is always limited to the radius of the fiber.
Therefore any increase in the mass does not adversely affect
the measured capacitance values. All CV and CD data were
repeatable, and the data reported were all averaged. To calcu-
late the capacitance from CD curves, the same experimental
conditions were also applied on plain charge collectors, and
then the resulting capacitance contributions of themetal plates
were subtracted before calculating their gravimetric capaci-
tance for the graphene fibers.
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