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ABSTRACT Graphene fibers are a promising electrode material for wire-shaped supercapacitors (WSSs)

that can be woven into textiles for future wearable electronics. However, the main concern is their high linear

resistance, which could be effectively decreased by the addition of highly conductive carbon nanotubes (CNTs).

During the incorporation process, CNTs are typically preoxidized by acids or dispersed by surfactants, which

deteriorates their electrical and mechanical properties. Herein, unfunctionalized few-walled carbon
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nanotubes (FWNTs) were directly dispersed in graphene oxide (GO) without preoxidation or surfactants, allowing them to maintain their high

conductivity and perfect structure, and then used to prepare CNT-reduced GO (RGO) composite fibers by wet-spinning followed by reduction. The pristine
FWNTs increased the stress strength of the parent RGO fibers from 193.3 to 385.7 MPa and conductivity from 53.3 to 210.7 S cm . The wire-shaped
supercapacitors (WSSs) assembled based on these CNT-RGO fibers presented a high volumetric capacitance of 38.8 F cm > and energy density of

3.4 mWh cm 3. More importantly, the performance of WSSs was revealed to decrease with increasing length due to increased resistance, revealing a key

issue for graphene-based electrodes in WSSs.
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tronics requires the development of

compatible energy storage devices such
as wire-shaped supercapacitors (WSSs) that
can be woven into clothes.'? The most
critical requirement for supercapacitors to
be used in wearable electronics is changing
their electrodes from a film to a wire or fiber
configuration. Among all electrode materi-
als, carbon nanotubes (CNTs) and graphene
are the most desirable candidates for this
application not only because of their re-
markable electrical, mechanical, and ther-
mal properties and large specific surface
areas, but also because they can be spun
into fibers that directly act as WSS elec-
trodes.>~'® Compared with the preparation
of CNT fibers, which typically involves solid-
state spinning or super acid solution spin-
ning,"”~'® the process to fabricate graph-
ene oxide (GO) fibers by wet-spinning
is easier, milder, and less costly.?~?* How-
ever, the conductivity of reduced GO
(RGO) fibers ranges only from 10 to 400
S/cm,”2°=22 far below that of CNT fibers

lncreasing interest in wearable elec-
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(500—5000 S/cm),'” 92 which presents a
major bottleneck for their application in
WSSs.

According to the previous studies on
RGO-based films and fibers,'*'>2*726 3 gen-
eral strategy to improve their conductivity is
incorporating highly conductive CNTs dur-
ing their manufacture to generate desirable
synergistic effects. For example, the recent
work on continuous preparation of RGO
fibers by a hydrothermal process applied
this strategy to improve the fibers' conduc-
tivity from 12 to 102 S cm™" after acid-
oxidized single-walled CNTs (SWNTs) were
added to RGO in a 1:1 weight ratio.'> How-
ever, the tensile strength decreased 50%
after the addition of oxidized CNTs, likely
due to an increased amount of defects in
the CNTs, which would weaken their van der
Waals interactions with the RGO sheets."®
Pristine SWNTs were effectively used to
reinforce RGO fibers mechanically using high-
content (3:1 weight ratio of surfactant to
SWNTs) sodium dodecyl benzenesulfonate.””
However, it is believed that the surfactant was
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Figure 1. Optical micrographs of GO (a) and CNT-GO aqueous solutions with FWNT/GO mass ratio of 1:8 (b), 1:6 (c), 1:4 (d),

1:3 (e) and 1:2 (f). Scale bars: 100 um.

detrimental to the electrical conductivity of the result-
ing fibers. Interestingly, GO sheets themselves, con-
taining aromatic regions and hydrophilic oxygen
groups, could behave like an amphiphilic molecule,
and thus can act as a dispersant to suspend pristine
CNTs in water.”®% This interaction between GO and
unfunctionalized CNTs allows for the possibility to
prepare composite fibers by wet-spinning as long as
the mixed GO—CNT solution maintains a liquid crystal-
line state, the prerequisite for wet spinning.

Here, making use of the excellent dispersion cap-
ability of GO, pristine few-walled CNTs (FWNTs)
were dispersed into GO suspension and spun into
composite fibers. In previous approaches, the use of
oxidized-CNTs as additives deteriorated the mechan-
ical properties of the resultant fibers.'® In contrast, use
of highly sr-conjugated unfunctionalized FWNTSs as an
additive in RGO fibers enables simultaneous increase
of the ductility, strength and flexibility of the fibers. The
presence of pristine FWNTSs significantly enhances the
conductivity of the composite fibers up t0210.7Scm ™.
Flexible two-ply WSSs were assembled from the as-
prepared composite fibers, showing a high volume
capacitance (38.8 F cm~3), good charge/discharge per-
formance, and high energy density (3.4 mWh cm ™). In
addition, the deleterious effect of increased electrode
length on device performance was revealed due to
increased resistance, and then a possible route was
provided to resolve this issue by plying many fibers
together in each electrode.

RESULTS AND DISCUSSION

GO sheets with sizes of tens of micrometers (Figure
S1 in Supporting Information) were synthesized from
expanded graphite following a previously reported
method.?’ Here FWNTs were applied as reinforcing
filler based on their remarkable electric conductivity
and near perfect graphitization structures. They tend to
be easier separated and dispersed than single-walled
CNTs as well as have better conductivity and mechanical
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strength compared with multiwalled CNTs.3® Unfunc-
tionalized FWNTs with CNT/GO mass ratio between 1:8
and 1:2 can be readily dispersed by GO nanosheets in
aqueous solution. The optical micrographs in Figure 1
show the mixed state of FWNTs and GO in the solution,
where the GO matrix is a homogeneous brown color
and the CNTs are black. The majority of CNTs are
separated by GO sheets, but some small bundles exist
because of the strong interactions between pristine
FWNTs. At CNT mass fractions of 50% or greater, the
CNT bundles became large and visible to the naked eye.
The presence of many CNT bundles decreases the
stability of the solutions by interfering with the electro-
static repulsion between oxygen-containing groups on
GO sheets, eventually resulting in the coagulation of GO
platelets. For all the well-dispersed CNT-GO composite
solutions shown in Figure 1, nematic liquid crystal
features were observed in polarized optical microscopy
(Figure S2 in Supporting Information), suggesting suit-
ability for wet spinning.

GO and CNT-GO composite fibers with CNT/GO mass
ratios between 1:8 and 1:2 were fabricated by Petri-
dish wet-spinning approach (Figure S3 in Supporting
Information). However, continuous fibers could not be
obtained from solutions with mass fraction of CNTs
being 50% or greater, since the amount of unfunction-
alized FWNTs was beyond the dispersion capability of
GO, as discussed above. The as-spun GO and CNT-GO
composite fibers were then reduced in hydroiodic acid
aqueous solution to produce the corresponding RGO
and CNT-RGO composite fibers. Figure 2 shows scan-
ning electron microscope (SEM) images of the reduced
fibers, with diameters ranging from 20 to 25 um. The
RGO sheets within the fibers oriented along their axes
and stacked together tightly. The incorporated CNTs in
the fibers were pressed by RGO sheets as shown in the
cross-section of these composite fibers. Notably, the
CNTs were also partially aligned along the axial direc-
tion, especially in fibers with CNT/GO ratios lower than
1:3. It is beleived that the presence of GO induces CNT
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Figure 2. Typical SEM images of RGO and CNT-RGO fibers. (a, b) RGO; (c, d) CNT;-RGOg; (e, f) CNT;-RGOg; (g, h) CNT;-RGO; (i, j)
CNT;-RGOj3; (k, I) CNT4-RGO,. Scale bars: 20 um (a, ¢, e, g, i, k), 10 um (b, d, f, h, j, I).

TABLE 1. Physical, Mechanical, and Electrical Properties of RGO and CNT-RGO Fibers

fiber diameter (xm) density (g a3 modulus (GPa) strength (MPa) strain (%) conductivity (S ")
RGO 20+1 0.81 4 0.01 191+15 1933 + 64 1.6 £ 0.1 535
(NT;-RGOg 24+2 0.94 4 0.02 10.5 £ 2.1 2322+ 113 29+03 89.2
(NT,-RGOg 2 +3 1.01 £ 0.03 62+ 05 2784 £ 105 6.8 + 0.5 138.6
(NT;-RGO,4 2442 1.08 + 0.03 53+£05 385.7 £ 175 1M4+£09 210.7
(NT;-RGO; 241 1.11 £ 0.02 42403 218.1 &+ 15.1 56 £0.1 275.1
(NT,-RGO, 20+£3 — 46 + 04 1494 + 12,6 41402 161.0

alignment during solution spinning. As a result, a high
GO fraction was beneficial for CNT alignment. We also
deduce that these partially aligned CNTs experienced
stretching force during the spinning process and
shrinkage while solidifying. This phenomenon were
reflected by the corrugations existing along the com-
posite fiber axis (Figure S4 in Supporting Information).
Intuitively, the corrugated CNT-RGO composite fibers
were more flexible and elastic than the neat RGO fibers.

Stress—strain curves of the prepared fibers were
measured (Figure S4 in Supporting Information) and
the calculated mechanical properties are listed in
Table 1. Compared with GO-based fibers (Table S1 in
Supportinging Information), the reduced ones had
enhanced strength and elongation, similar to previous
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results.”” The tensile strength and Young's modulus of
the parent RGO fiber were ~193.3 MPa and ~19.1 GPa
respectively, comparable to those of previously re-
ported RGO-based fibers.”?°~2? The mechanical prop-
erties of CNT-RGO composite fibers were found to be
very sensitive to the CNT mass fraction. The tensile
strength and strain initially increased and then de-
creased when the ratio of CNT to GO increased. CNT;-
RGO, fiber had the largest elongation, ~11.4%, and the
highest tensile strength, ~385.7 MPa. The significantly
enhanced ductility likely results from the corrugated
structure observed in SEM images (Figure S4 in Sup-
porting Information). The improvement on strength
and flexibility by addition of CNTs can be explained as a
synergistic effect generated from the interconnection
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of RGO sheets and partially aligned CNTs.?’” For neat
CNT fibers, high-quality CNTs with minimal defects are
necessary for strong fibers.'® Similarly, the unfunction-
alized FWNTs with fewer defects than functionalized
FWNTs were helpful in this case, leading to stronger
van der Waals forces between FWNTs and RGO sheets
and thus increasing the tensile strength. However,
overloading of CNT fillers unavoidably produces voids
in the RGO matrix due to the increased presence CNT
bundles, and leading to deterioration of mechanical
properties of the whole fiber. This is the main reason
why the tensile strength and strain of composite fibers
decreased when the proportion of CNTs was increased
to values above 25 wt %. The moduli of composite
fibers decreased monotonically with increasing CNT
content, similar to the change in moduli observed in
SWNT/RGO/PVA composite fibers.?” Besides the me-
chanical improvement, an appropriate amount of CNTs
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also increased fiber conductivity. For example, the
conductivity of the CNT;-RGO,, fiber was 210.7 Sm™",
which is over three times higher than that of the RGO
fibers (53.5 S m~') and much better than fibers using
oxidized SWNTSs as the additive.'® Itis also seen that the
conductivity did not always increase with increasing
CNT proportion. The CNT;-RGO3 fiber had the highest
conductivity of 275.1 S m™", while the CNT;-RGO, fiber
had a much lower conductivity of 161.0 S m~". From
the preceding characterization and analysis, it is rea-
sonable to deduce that the lowered conductivity of the
CNT;-RGO; fiber is caused by the weakened alignment
of these two carbon nanomaterials and the possible
existence of voids in the fiber.

All-solid-state two-ply fiber supercapacitors were
assembled by using PVA-HsPO, gel as a solid electro-
lyte. Here CNT,-RGO, fibers were used as representa-
tive electrodes based on their combination of good
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Figure 3. Electrochemical performance of two-ply WSSs. (a) CV curves and (b) galvanostatic charge/discharge curves of RGO
device; (c) CV curves and (d) galvanostatic charge/discharge curves of CNT,-RGO, devices; (e) Specific capacitance at different
discharging current densities; (f) Capacitance retention versus cycle number at 800 mA cm 3. The inset in (f) displays

galvanostatic charge—discharge curves over 6000 cycles.
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Figure 4. (a) Photograph (upper) and micrograph (bottom) of a 3 cm CNT,-RGO, WSS integrated onto a polyester yarn;
(b) Galvanostatic charge—discharge curves of the 3 cm WSS on polyester yarn before and after knotted at current density of
~50 mA cm~3; (c) Charge—discharge curves of 1, 3, and 6 cm CNT;-RGO, WSSs at current density of ~50 mA cm~3; (d) Volumetric
energy and power densities for CNT;-RGO, WSS with device length of 1, 3, and 6 cm. Scale bars: 1 cm (a), 100 um (b), 0.5 cm (c).

mechanical property and electrochemical perfor-
mance in three-electrode tests (SI 6 in Supporting
Information). The effective length of the device was
controlled to be 1 cm and the effective volume was
around ~1.0 x 107> cm>. For comparison, a neat RGO
fiber WSS was also prepared using the same approach.
The CV curves of the RGO fiber WSS in Figure 3a are
spindle shaped, especially at scan rates higher than
10 mV s, indicating the poor resistance behavior of
the device. Correspondingly, the galvanostatic charge/
discharge curves (Figure 3b) are not in symmetric
triangular shapes and have large voltage drops at the
beginning of the discharge process, suggesting that
the device is not an ideal supercapacitor and its
performance is heavily weakened by the large resis-
tance of the electrodes. In contrast, for the CNT,-RGO,
fiber WSS, the CV curves (Figure 3c) are almost rectan-
gular and maintain their shape even at a high scan rate
of 100 mV s~ '. The charge/discharge curves (Figure 3d)
show near-linear symmetric shapes, indicating good
charge propagation in the electrodes. The capaci-
tances of the WSSs at different charge/discharge cur-
rent density are given in Figure 3e. Clearly, the CNT;-
RGO, fiber device had much higher capacitance and
better rate performance than the RGO fiber device. For
the CNT,-RGO, fiber WSS, the length capacitance
(Cwss,) is 351 uF cm™', corresponding to a volumetric
capacitance (Cyssy) of 38.8 F cm™2 at 50 mA cm ™3
(Figure 4e). Its Cyssy was maintained at 50% when the
discharging current density increased by a factor of
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30 from 50 to 1600 mA cm 3, indicating its good
charge/discharge performance. Especially, its power
density can reach 0.5 W cm™ at an energy density of
1 mWh cm™3, much better than some previously
reported WSSs.”3! The improved power is attributed
to the highly increased conductivity, which is excep-
tionally important for wearable applications, where
some garments may take hundreds of feet of energy
storing yarns to fabricate a full device. The long-term
cycling stability was evaluated using the galvanostatic
charge/discharge technique conducted at 800 mAcm 3
(Figure 3f). The device shows a capacitance retention of
above 93% over 10 000 cycles, revealing its outstanding
electrochemical stability.

To further examine the flexibility of CNT;-RGO,
WSSs, a 3 cm device was intergrated with a polyster
yarn (~100 um) by using the PVA-H3PO, gel electrolyte
as an adhesive (Figure 4a). The polyster yarn protected
the WSS well during stretching and bending. Even
while knotted, the device retained its original perfor-
mance, as reflected by the galvanostatic charge/
discharge curves in Figure 4b. In addition, an interest-
ing result is that its Cyssy (30.6 F cm ™3, Figure S7a in
Supporting Information) at 50 mA cm ™2 is smaller than
that of the 1 cm device. When device length was
extended to 6 cm, the Cyssy was further reduced to
246 F cm™3 (Figure S7b in Supporting Information).
The galvanostatic charge/discharge curves of CNT;-
RGO, WSSs with different device lengths are given
in Figure 4c as well as in Figure S7a,b. At the same
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Figure 5. (a) Photograph and (b) SEM of a bundle of CNT,-RGO, fibers; (c) Galvanostatic charge—discharge curves of a 4 cm
WSS made from fiber-bundle electrodes. The inset in (c) is the photograph of the WSS wrapped by polytetrafluoroethylene

film. Scale bars: 1 cm (a), 1 mm (b).

volumetric current density, the shorter device had a
longer discharging time and a smaller voltage drop
(Vig) at the beginning of the discharge. The internal
resistances calculated from Ryss = Vig/2lg at the same
discharge current (Il = 1 uA) for 1, 3, and 6 cm devices
were 5.0, 9.5, and 13.0 KQ2 (Figure S7 in Supporting
Information). Internal resistance increases with increas-
ing device length, mainly due to increased linear
resistance of the electrodes, which in turn lowers the
capacitance of the devices. Ultimately, device length
had a significant impact on the power and energy
density of these devices (Figure 4d). The 1 cm WSS had
the highest energy density, 3.4 mWh cm ™, and power
density, 0.7 W cm™3: these values decreased to
2.8 mWh cm ™3 and 0.08 W cm 3 for the 6 cm device.
These results suggest that although frequently studied
short CNT-RGO-based WSSs likely surpass film-based
supercapacitors in volumetric capacitance or energy
density,''> the high linear resistances of these
fibers needs to be resolved before larger-scale devices
can be manufactured for practical energy storage
applications.

In contrast to increase fiber length, plying many
fibers together in each electrode is also a practical
approach to elevate the capacitance of WSS32734
Meanwhile, the parallel fibers can efficiently reduce
the electrode resistance due to the shunt connection.
To demonstrate this strategy, here we bundled 40
CNT,-RGO, fibers into together for one electrode
(Figure 5a). The SEM image in Figure 5b shows that

METHODS

Preparation of GO, (NT-GO, Reduced GO Fibers and CNT-GO Fibers. GO
was synthesized from expanded graphite (3772, Asbury
Graphite Mills USA) using concentrated H,SO, and KMnO,
as oxidants.'”” An aqueous GO dispersion (concentration
12 mg mL~") was used as a precursor to fabricate GO fibers
by a Petri-dish wet-spinning method, in which GO was injected
from a stainless steel needle (inside diameter: ~100 um) into a
chitosan/acetic acid coagulation bath (3 g of chitosan and

MA ET AL.

these fibers maintain their individual morphology as
given in Figure 2. The whole resistance was measured
to be about 60 Q@ cm™', much smaller than that of
single fiber (~1.1 KQ cm™"). A 4 cm WSS was as-
sembled from this type of fiber bundles (inset in
Figure 5c), presenting a Cyss, of 10.2 mF cm~" and
Rwss of 200 Q at a charging and discharging current
density of 100 mA cm~> (Figure 5c). Therefore, in-
creasing the number of fibers is a promising route to
reduce the device resistance while elevate its linear
capacitance.

CONCLUSIONS

A wet-spinning process to prepare CNT-RGO com-
posite fibers with unfunctionalized FWNTs for the
electrodes of WSSs was developed. The pristine FWNTs
were dispersed in GO without preoxidation or the
addition of surfactants, allowing the FWNTs to main-
tain their high conductivity and perfect structure. The
incorporation of such FWNTs effectively enhanced the
conductivity, tensile stress and strain of RGO fibers
simultaneously. The WSSs assembled from the compo-
site fibers with optimized CNT content showed large
volumetric capacity, good rate capability, high stability
and excellent flexibility. In addition, it is revealed that
twisting many CNT-RGO fibers together to form shunt
connection for each electrode could elevate linear
capacitance, providing a possible route to resolve the
performance degradation of device with solely increasing
length due to the high linear resistance of a single fiber.

10 mL of acetic acid dissolved in 500 mL of deionized water)
by syringe pump at an injection rate of 1 mL min~". The as-spun
GO fibers were washed with concentrated HCl solution and
deionized water sequentially and finally dried in ambient con-
ditions. To prepare CNT-GO composite fibers, pure FWNTs with
3—5 walls, synthesized and purified as described in our previous
work,?? were first dispersed in water by probe ultrasonication
(Sonics Vibracell VC 750) for 20 min. Then FWNTs were mixed
and dispersed in GO solution in a preset CNT/GO weight ratio.
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The CNT-GO fibers were spun from the composite solutions
using the same method as for GO fibers and were denoted as
CNT;-RGOg, CNT;-RGOg, CNT;-RGO,4, CNT;-RGOs, and CNT;-
RGO, according to the CNT/GO weight ratio from 1:8 to 1:2.
The as-prepared GO and CNT-GO fibers were reduced in 50 wt %
hydroiodic acid at 80 °C for 5 h, and the reduced fibers were
denoted as RGO and CNT-RGO fibers, respectively.

Characterization. The structure and morphology of RGO and
CNT-RGO fibers were characterized by SEM (SEM, FEI XL30).
The mechanical properties of the fibers were studied using a
TA Instruments RSA Il microstrain analyzer. GO and GO—CNT
solutions were sealed in capillary tubes for observing their
dispersion state and birefringence by polarized optical micro-
scopy (Zeiss Axio Imager) operated in transmission mode. The
conductivity of RGO and CNT-RGO fibers were measured on a
Keithley multimeter.

Electrochemical Measurement of Individual Electrode. Electroche-
mical characterizations were carried out on a Biologic SP300
instrument. CV and EIS for each fiber were taken using a three-
electrode configuration in 1 M H,SO, electrolyte. A saturated
calomel electrode (SCE) and a platinum wire served as reference
and counter electrodes, respectively.

Preparation and Performance Characterization of All-Solid-State Two-
Ply WSSs. Two reduced fibers were immersed in PVA-HsPO,
electrolyte (10 g of PVA and 10 g of HsPO, dissolved in
100 mL of deionized water) for 12 h. Then fibers were stuck
together with preset overlap lengths (effective lengths) after
drying in air for 1 h. The reserved electrode heads were con-
nected to metal wires by Ag paste for the following electro-
chemical tests. The performance of these assembled devices was
examined by CV and galvanostatic charge/discharge methods.
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