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� Homogeneous mobile PVA/GO dis-
persions without gelation were suc-
cessfully obtained.

� Continuous PVA/RGO hybrid fibers
were produced by spinning and
chemical reduction.

� The hybrid fibers shows obviously
higher toughness, hydrophilicity and
capacitance.

� A yarn supercapacitor was assembled
and exhibits an energy density of
5.97 mW h cm�3.

� The supercapacitor is flexible and
robust enough to be weaved into a
textile.
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a b s t r a c t

Graphene fibers based flexible supercapacitors have great potential as wearable power sources for textile
electronics. However, their electrochemical performance is limited by the serious stacking of graphene
sheets and their hydrophobicity in aqueous electrolytes. Meanwhile, their brittleness is unfavorable for
practical application. Incorporation of nanofillers into graphene fibers has been proved effective for
enhancing their capacitance, whereas often leading to deteriorated mechanical strength. Herein we
demonstrate that the strength, toughness and capacitive performance of graphene-based fibers can be
significantly enhanced simultaneously, simply by incorporating hydrophilic poly(vinyl alcohol) (PVA)
into a non-liquid-crystalline graphene oxide (GO) dispersion before wet spinning and chemical reduc-
tion. The structure and properties of the resulted PVA/graphene hybrid fibers are systematically inves-
tigated, and the mechanism behind these enhancements is discussed in detail. The hybrid fiber with a
PVA/GO weight ratio of 10/90 possesses a strength of 186 MPa, a toughness of 11.3 J cm�3, and a
capacitance of 241 F cm�3 in 1 M H2SO4. A solid-state yarn supercapacitor assembled from these fibers
exhibits a device energy of 5.97 mW h cm�3, and features excellent flexibility and bending stability. This
device is robust enough to be integrated into textile and thus promising as wearable power supply for
smart textiles.

© 2016 Elsevier B.V. All rights reserved.

mailto:zhumf@dhu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2016.04.030&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2016.04.030
http://dx.doi.org/10.1016/j.jpowsour.2016.04.030
http://dx.doi.org/10.1016/j.jpowsour.2016.04.030


S. Chen et al. / Journal of Power Sources 319 (2016) 271e280272
1. Introduction

Smart textiles can integrate a lot of functional electronic com-
ponents such as sensors, heating/illuminating elements, wireless
modules, and actuators. Hence theywill find various applications in
the fields of health/sports/environmental monitoring [1], profes-
sional and military activities [2,3], and entertainment and fashion
[4]. However, one major challenge for smart textiles is the devel-
opment of wearable power supply that is flexible, robust and du-
rable. Fiber-based supercapacitors (FSCs) have been considered as
ideal candidates for this end, due to their flexibility and readily
compatibility with textile processing [5]. In the last decade, a va-
riety of intrinsic and modified fibers have been explored for this
purpose, including carbon fibers [6e8], carbon nanotube (CNT) fi-
bers [5,9,10], and graphene fibers [11e17]. Recently, great progress
has been made in terms of energy density and power density
[15,18]. Although showing lowermechanical strength and electrical
conductivity than carbon fibers and CNT fibers, graphene fibers
exhibit significantly higher specific capacitance due to graphene's
ultrahigh specific surface area. Meanwhile, the cost of graphene
fibers would be much lower, considering the abundance of its raw
material-natural graphite, and the scalability of its production
method-wet spinning from graphene oxide (GO) dispersion fol-
lowed by reduction [19e21]. Therefore, graphene-based fibers have
a greater potential in wearable energy storage.

Unfortunately, the specific capacitance of graphene fibers in
aqueous electrolyte is far from the theoretical value of a single
graphene sheet [12,13], due to the p�p stacking and hydropho-
bicity of graphene sheets. Two main strategies for the capacitance
enhancement of graphene-based electrodes are to create a porous
structure [22e25] and to improve the affinity to the electrolyte
[26e29], which can also apply to graphene-based fibers. In our
previous work, we demonstrated that both the porous structure
and the wettability of graphene fibers play important roles on the
electrochemical performance [20]. The benefit of a porous structure
has been proved by the dramatically improved capacitive perfor-
mance of an all-graphene fiber with porous sheath [12,30] and a
highly porous neat graphene fiber [11]. Hybrid porous graphene
fibers also show significantly enhanced capacitance, because of the
spacer effect of various nanofillers such as MoS2 and CNT
[15,31e33]. However, the mechanical strength of both neat and
hybrid porous graphene fibers are obviously deteriorated due to the
presence of plenty of pores. Therefore, it is a great challenge to
simultaneously enhance the mechanical and electrochemical
property to meet the requirements of smart textiles.

It has been reported that the strength and toughness of CNT
fibers can be enhanced by infiltration polymers into the fibers
during or after the spinning process, such as poly(methyl methac-
rylate) [34], polyethylene [35] and poly(vinyl alcohol) (PVA)
[36,37]. Low cost PVA is highly hydrophilic and compatible with
GO, and could inhibit the stacking of GO sheets and hence reduced
GO (RGO) sheets. Thus themechanical and capacitive performances
of RGO fibers would probably be improved by hybridizing RGOwith
appropriate amount of PVA. Gao's group has successfully assem-
bled PVA-coated chemically-reduced graphene (CRG@PVA)
hydrogel into nacre-mimicking CRG@PVA fibers with enhanced
strength [38]. However, the preparation of CRG@PVA building
blocks is time-consuming, and the low content of CRG (<50 wt%) in
the fiber is not favorable for supercapacitor applications. In this
work, conductive, tough and hydrophilic PVA/RGO hybrid fibers
with high content of RGO were easily obtained by fast mixing of
PVA solutionwith non-liquid-crystalline GO dispersion followed by
continuous wet-spinning and chemical reduction. Results show
that their mechanical strength, toughness, hydrophilicity and
electrochemical performance are simultaneously enhanced at a
significant degree compared with the neat RGO fibers. A solid-state
yarn supercapacitor assembled from these hybrid fibers exhibits
superior volumetric energy densities to the devices assembled
from other reported graphene-based fibers. Meanwhile, this device
is flexible and robust enough to be integrated into a textile,
demonstrating its potential in wearable energy storage for smart
textiles.

2. Experimental methods

2.1. Preparation of the RGO and PVA/RGO fibers

Graphite oxide (GtO) was prepared from flake graphite
(1000 mesh, Shanghai Yifan Graphite) by Hummers' method [39]
according to our previous report [20]. 2 g GtO was added into
98 g deionized water and exfoliated with a digital ultrasonic pro-
cessor (S-450D, Branson) for 1 h. The resulting 2 wt% graphene
oxide (GO) dispersion was liquid-crystalline (as confirmed by
polarized optical microscope) with pH z 2, and was denoted as
pristine GO (PGO) dispersion. The basified GO (BGO) dispersionwas
obtained by addition of 10MNaOH solution dropwise into 80 g PGO
dispersion under stirring until the pHwas around 11. After a further
sonication for 5 min, the BGO dispersionwas non-liquid-crystalline
and flowed very easily [20]. A 2 wt% PVA solution was obtained by
dissolving 1 g PVA (polymerization degree ¼ 1700, saponification
degree¼ 99%, Shanghai Petroleum) in 49 g deionizedwater at 95 �C
for 1 h. Then it wasmixedwith the BGO dispersion at different PVA/
GO weight ratios of 5/95, 10/90, 20/80 and 30/70 under sonication
for 15 min. All the final PVA/BGO dispersions are homogeneous and
easy-flowing, and are suitable for wet-spinning. In contrast, an
immobile gel was formed when the PVA solutionwas blended with
the PGO dispersion at a weight ratio of 30/70, and is not qualified
for wet-spinning.

The RGO and PVA/RGO fibers were prepared by continuous wet-
spinning followed by chemical reduction in the same way as our
previous work [20]. The BGO and PVA/BGO dispersions were used
as the spinning dope, respectively, and the jet stretch ratio was all
controlled at 1.0. In a typical process, a PVA/BGO dispersion was
loaded into a 10-ml syringe and injected into a rotating acetic acid
bath through a 27 G needle at a speed of 1.5 m min�1. The coagu-
lated wet PVA/GO fiber was immediately drawn out of the bath,
dried by a vertically-positioned infrared heater, and collected onto a
winding pipe (Fig. 1g). Note that the simultaneous drying process
guarantees that the GO and PVA/GO fibers adhere neither to
themselves nor to the pipe. All GO and PVA/GO fibers were reduced
in an aqueous HI solution (45%, Sinopharm) at 95 �C for 8 h [40],
then washed alternatively by water and acetic acid for three times,
and finally dried at 60 �C for 12 h in vacuum. The PVA/GO and PVA/
RGO fibers are respectively named as PxGy and RPxGy fibers, where
x and y are the percent weight ratio of PVA and GO in the dispersion
for wet-spinning, respectively.

2.2. Assembly of a PVA/RGO yarn supercapacitor

A yarn supercapacitor was assembled from two bundles of PVA/
RGO fibers as the working electrodes and a poly(ethylene tere-
phthalate) (PET) yarn as the supporting substrate. Two bundles of
five RP10G90 fibers (length ¼ 1.7 cm) were arranged in parallel on a
polypropylene sheet such that the length of the middle overlapped
part is 1.5 cm. The PET yarn (length ¼ 15 cm) was straightened,
inserted closely between the two bundles, and fastened on the
polypropylene sheet. The overhang ends (~0.1 cm) of the two
bundles were adhered to the PET yarn by silver paste. Then the
middle overlapped part (length¼ 1.5 cm) was carefully coated with
PVA/H2SO4/H2O (1/1/10 in weight) gel electrolyte, so that a gap of



Fig. 1. Characteristics of the PVA/GO dispersions, the spinning process and the typical PVA/RGO hybrid fiber. (aed) OM images of (a, c) the PVA/PGO and (b, d) PVA/BGO dispersions
under (a, b) normal light and (c, d) polarized light. The PVA/GO ratio is 30/70 and the total solid content is 2 wt%. Insets are photos of the dispersions in centrifuge tubes with upside
down. (e, f) Typical AFM images of (e) BGO sheets and (f) PVA/BGO (weight ratio ¼ 30/70) sheets. Insets are height profiles of the corresponding lines. (g) Photo of the continuous
wet-spinning process. The dope is injected through a needle into the rotating coagulant (in the petri-dish), and solidifies into a fiber, which is dried by the infrared heater and
collected onto a plastic pipe. (h) Photo of a scroll of the RP10G90 fiber.
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~0.1 cm was left between the silver paste and the electrolyte. After
drying the electrolyte with an infrared heater for 3 min, a flexible
solid-state yarn supercapacitor was obtained by peeling off from
the polypropylene sheet.
2.3. Characterizations

The PVA/PGO and PVA/BGO dispersions as well as the yarn
supercapacitor were examined by an Alphaphot-2 optical micro-
scope (OM, Nikon, Japan) under normal or polarized light. Atomic
force microscope (AFM) images were obtained by a NanoScope Ⅲa
MultiMode AFM (Veeco Instruments, USA). The X-ray photoelec-
tron spectra (XPS) were collected on an Axis Ultra DLD spectrom-
eter (Kratos Analytical, UK) using a monochromatic Al Ka source.
The Fourier transform infrared (FTIR) spectra were recorded from a
Nicolet NEXUS-670 spectrometer (Thermo Scientific, USA). The
morphology of the fibers were observed by an SU8010 filed-
emission scanning electron microscope (SEM, Hitachi, Japan). The
average area, diameter and perimeter of the fiber cross-section
were analyzed from the SEM images by an Image-Pro Plus soft-
ware (Media Cybernetics). The X-ray diffraction (XRD) spectra of
the fiber powder were collected on a D/max 2550 PC diffractometer
(Rigaku, Japan) with a Cu Ka radiation. The nanostructure of PVA/
RGO hybrids were observed on a JEM-2100 transmission electron
microscope (TEM) (JEOL, Japan). The RP30G70 fiber was pulverized
into powder, ultrasonicated in a water/ethanol mixture (volume
ratio ¼ 1/1) for 3 h, and finally centrifuged at 3000 rpm for 30 min.
The upper suspension was dropped onto a lacey-carbon coated
copper grid for TEM observation after drying.

The linear density of each kind of fiber was calculated by
dividing the mass of a filament with its length (~5 m), where the
mass was obtained from an XS microbalance (Mettler Toledo, USA).
Mechanical tests were performed on an XQ-1A fiber tension tester
(Shanghai New Fiber Instrument, China). The gauge length and
extension rate were 10 mm and 2 mm min�1 respectively. The
electrical resistance of the fibers with a uniform length of 1.8 cm
was tested on a PC68 high resistance meter (Shanghai Cany Preci-
sion Instrument) by two probemethod. At least 5 filaments for each
kind of fiber weremeasured for both the mechanical and resistance
tests, and average values of strength, modulus, toughness and
electrical conductivity were calculated based on the cross-sectional
area. The toughness is evaluated by the volume-specific work at
fracture. The hydrophilicity of the fibers were investigated with a
video-based optical contact angle measuring system (OCA 40 Mi-
cro, DataPhysics, Germany). A 50-nL deionized water droplet was
dispensed onto the fiber surface, which was monitored by a high-
speed camera. The contact angle at the very initial stage was
reported.

The electrochemical performance was investigated on a CHI
660 E electrochemical workstation (Shanghai Chenhua). All the
RGO and PVA/RGO fibers were firstly evaluated in a three-electrode
cell, where the electrolyte, counter electrode and reference elec-
trode are 1 M H2SO4 solution, Pt wire and Hg/Hg2SO4, respectively.
For each kind of fiber, a bundle of five filaments was used as the free
standing working electrode. In order to facilitate the link to the
workstation, a stainless steel strip was used as the lead wire and
connected to the fiber bundle end to end with silver paste. The
silver paste was kept ~1 mm above the electrolyte surface to avoid
its disturbance, and the immersion length of the fiber bundle was
~1.5 cm in the electrolyte. Cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) cycling were run from�0.6 V to 0.4 V
with scan rates of 2e100 mV s�1 and current densities of
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0.2e2 A g�1, respectively. The electrochemical impedance spec-
troscopy (EIS) measurements were performed at open circuit po-
tential with an AC amplitude of 5 mV and frequencies from 10 mHz
to 1 MHz. The RP10G90 fiber with the best electrochemical perfor-
mance was used to assemble a solid-state yarn supercapacitor. CV
scans and GCD cycling tests were also performed for this device
under both straight and bending state. The bending radius-R of the
device during bending is controlled according to the equation:
R ¼ 180 L/pa, where L and a are the length and bending angle (unit
in degree) of the device, respectively.

The capacitance of a single electrode is calculated from the
discharge portion of a full CV curve or a full GCD one as the
following equations: C ¼ nðR ��I��dUÞ=vDU or C ¼ nITd=ðDU � IRÞ,
where I is the current, U is the potential, v is the scan rate, DU is the
potential window, IR is the potential drop, Td is the discharge cur-
rent, and n equals to 1 for three-electrode cell and 2 for two-
electrode cell, respectively. The mass-, volume- and area-specific
capacitance (denoted as CM, CV and CA respectively) are obtained
by dividing Cwith the mass-M, the volume-V and the outer surface
area-A of a single electrode (a bundle of fibers), respectively. The
volume and outer surface area of a single fiber is calculated by
multiplying its length with its cross-sectional area and perimeter,
respectively. The mass-based energy density (EM) and power den-
sity (PM) of the yarn supercapacitor device are determined from the
discharge part of a GCD curve by the equations:
EM ¼ ITdðDU � IRÞ=4M and PM ¼ IðDU � IRÞ=4M, respectively. The
volume-based energy density was calculated similarly by replacing
M with V.
3. Results & discussion

3.1. Characteristics of PVA/GO hybrid dispersions

Aqueous GO dispersions are liquid crystalline when the con-
centration is above the critical value [19,41,42], and have been used
for wet-spinning to obtain continuous GO fibers [41,43], which can
be converted to RGO fibers by chemical or physical reduction
[19,11]. We found that the viscous liquid-crystalline PGO dispersion
can be disrupted into a free-flowing non-liquid-crystalline (NLC)
one after a simple basifying treatment, and the RGO fibers prepared
from the NLC dispersion show superior electrochemical perfor-
mance to that from the LC one [20]. It is interesting that the NLC
BGO dispersion with much lower viscosity is more favorable for
blending with a PVA solution. As can be seen in Fig. 1aee, the PVA/
PGO dispersion with a PVA/PGO weight ratio of 30/70 forms an
immobile gel withmany large aggregates, and could not be used for
wet-spinning. The gelation of PVA with PGO or even RGO at
appropriate weight ratios is also reported by Shi's and Gao's groups
[44,38], and could be ascribed to the strong interactions between
the oxygen containing groups (carboxyl, hydroxyl and epoxide) of
GO sheets and hydroxyl ones of PVA [44,45]. In great contrast, the
PVA/BGO dispersion with the same ratio is easy-flowing and no
aggregates are observed in the OM images. The reason is that BGO
sheets possess much higher negative charges than PGO ones, and
produce much stronger electrostatic repulsion between neat or
PVA-coated BGO sheets, leading to much weaker hydrogen-bond
network [44,20]. Therefore, the viscosity would be decreased a
lot. The AFM images (Fig. 1e and f) show that the heights of PVA/
BGO sheets (1.7e1.8 nm) are much higher than those of neat BGO
sheets (1.0e1.1 nm), indicating that PVA molecules are uniformly
coated on the BGO sheets. It is believed that the homogenous PVA/
BGO dispersions could guarantee a continuous spinning of PVA/GO
fibers.
3.2. Structure of RGO and PVA/RGO fibers

Continuous RGO and PVA/RGO fibers were successfully obtained
by wet-spinning of NLC BGO and PVA/BGO dispersions followed by
chemical reduction. Fig. 1h shows a roll of typical PVA/RGO hybrid
fiber-RP10G90, which could be obtained up to hundreds of meters
long. The C1s XPS spectra (Fig. 2a) show that the PVA/GO hybrid
fiber (i.e., P10G90) contains a lot of oxygen-containing groups, such
as hydroxyl/ether/epoxy (286e287.5 eV) and carbonyl/carboxyl
groups (287.5e290 eV). After reaction with HI solution, the in-
tensities of hydroxyl/ether/epoxy groups become very weak, con-
firming the high reduction efficiency of HI [40]. The FTIR spectra
(Fig. 2b) reveal that the RP20G80 hybrid fiber shows stronger peaks
for OeH stretch (3700e3000 cm�1) and bend (1600e1700 cm�1)
than the neat RGO fiber when normalized to the intensity of CeH
stretch, indicating higher hydroxyl groups originated from PVA.
Note that the peak for CeO stretch (1200e1000 cm�1) become
obviously stronger for both the RGO and RP20G80 fibers after
reduction. The possible reason is that hydroxyl groups between GO
sheets is condensed into ether bonds as a side reaction in the
concentrated HI solution. Since PVA molecules possess plenty of
hydroxyl groups, they would also condense with GO sheets and
themselves, constructing extremely strong PVA-RGO interfaces
with large amounts of covalent bonds (i.e. CeOeC and CeCeC
bonds).

The morphology of the neat and hybrid fibers are shown by the
SEM images in Fig. 3, and the characteristic parameters are sum-
marized in Table 1. The neat RGO fiber shows coarse surface with
large wrinkles and thin curvy belt-like cross-section with orderly
stacked RGO sheets. By contrast, the PVA/RGO hybrid fibers exhibit
surface with remarkably more and finer nano wrinkles, and
different shaped cross-section with much thicker arms/walls and
looser stacking of RGO sheets. It is also found that the nano wrin-
kles show higher alignment along the fiber axis at higher PVA
content. These enormous differences are clearly originated from
the contribution of PVA. Note that both neat PGO and BGO dis-
persions at 2 wt% can coagulate in acetic acid instantly, because the
negatively charged -COO- groups on GO sheets can turn into
eCOOH groups in acetic acid and bind together through hydrogen-
bonding [20]. However, the neat 2 wt% PVA solution cannot coag-
ulate in acetic acid, because PVA molecules show good affinity to
acetic acid through strong interaction between eOH and eCOOH
groups. Consequently, the mechanism for the PVA/GO hybrid fiber
formation is based on the acetic acid-induced aggregation of BGO
sheets and dehydration of the extruded flow. After reduction with
HI solution, RGO and PVA/RGO fibers were resulted and inherited
most of the structural characteristics of their precursor fibers [20].
For the spinning of GO fiber, a hard sheath would form on the
surface of the extruded flow through the stacking of aggregated GO
sheets, and would act as a barrier slowing the further diffusion of
acetic acid and water, resulting in thin belt-like cross-section after
drying. The wrinkles might be formed by outward self-scrolling of
surface GO sheets with more negative charges on the inside than
the outside due to the acidification by acetic acid [20].

As for the spinning of PVA/GO fibers, the PVA molecules can
work as physical spacers between GO sheets and also chemical
absorbent for acetic acid, thus offering plenty of nano channels for
faster diffusion of acetic acid and water during the coagulation
process compared with the spinning of GO fiber. On one hand,
much more coagulating points would form on the surface, leading
to a larger number and smaller size of nano wrinkles. The higher
alignment of nano wrinkles with higher PVA content may be
ascribed to higher viscosity of the corresponding PVA/BGO
dispersion. On the other hand, more effective coagulation of the
corewould occur and lead to a cross-sectionwith thickerwalls after



Fig. 2. (a) High-resolution C1s XPS and (b) FTIR spectra of the raw materials and obtained fibers.

Fig. 3. Typical SEM images of (aee) the surface and (a′ee′) the cross-section of RGO and PVA/RGO hybrid fibers. (a, a0) RGO fiber. (b, b′) RP5G95 fiber. (c, c′) RP10G90 fiber. (d, d′)
RP20G80 fiber. (e, e′) RP30G70 fiber.
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drying. And the spacer effect of PVA molecules would result in
looser stacking of GO and RGO sheets, which is proved by the XRD
spectra and TEM images in Fig. 4. The presence of the diffraction
peak of graphite-like (002) face indicates the stacking of RGO sheets
in these fibers due to insufficient amount of PVA. However, its layer
spacing increases almost linearly from 3.71 Å to 4.03 Å when the



Table 1
Summary on the morphology parameters of the RGO and PVA/RGO fibers.

Sample Linear density [mg cm�1] Cross-section area [mm2] Diameter [mm] Cross-section perimeter [mm] Calculated density [g cm�3]

RGO 4.32 544 ± 89 23.3 ± 4.3 229 ± 21 0.810 ± 0.125
RP5G95 8.40 738 ± 39 28.0 ± 1.0 144 ± 8 1.14 ± 0.06
RP10G90 7.07 633 ± 48 25.4 ± 5.2 166 ± 33 1.12 ± 0.09
RP20G80 9.97 662 ± 66 27.2 ± 2.0 108 ± 14 1.52 ± 0.15
RP30G70 8.78 681 ± 21 26.1 ± 1.2 136 ± 12 1.29 ± 0.04

Fig. 4. (a) XRD spectra of the graphite oxide (GtO), RGO fiber and PVA/RGO fibers. (b) Dependence of the layer spacing of (002) face in hybrid fibers on the PVA content in the
precursor fibers. (c, d) TEM images of pulverized PVA/RGO hybrids from the RP30G70 fiber at (c) low and (d) high magnification. The average layer-spacing d0 is calculated as D/(n�1),
where D and n represent the distance of the corresponding line and layer number of RGO sheets, respectively.
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PVA content is increased from 0 wt% to 30 wt%. And the full width
at half maximum is also increased, indicating that the lateral size of
the stacking is decreased. Meanwhile, TEM images (Fig. 4dee) of
pulverized PVA/RGO hybrid fibers clearly show ordered layered
structures, whose average layer-spacing (>0.46 nm) is much larger
than that of RGO sheets. This implies the sandwiching of PVA
molecules between the RGO sheets, which is the result of stacking
and reduction of PVA-coated BGO sheets (Fig. 1f). Therefore, the
addition of PVA decreases the degree of stacking of RGO sheets. We
believe that the surface of PVA/RGO hybrid fibers with nano
wrinkles would provide larger area for access to the electrolytes,
and the loose inner structure would be favorable for fast diffusion
and efficient adsorption of electrolyte ions.

3.3. Properties of RGO and PVA/RGO fibers

For wearable energy storage applications, the candidate fibers
should be adequately strong, flexible and ductile to meet the re-
quirements of textile processing as well as versatile wearing con-
ditions. Fig. 5a displays the typical tensile stress-stain curves of the
RGO and PVA/RGO fibers. The results show that the strength,
modulus and toughness are simultaneously, remarkably enhanced
when PVA is incorporated. The strength increases straightly from
95.6MPa for the RGO fiber to 256MPa by 168% for the RP20G80 fiber,
and slightly falls to 244 MPa for the RP30G70 fiber. Our RP30G70 and
RP20G80 fibers are significantly stronger than most PVA/RGO com-
posite films (43e138MPa) [46e48], and much stronger than nacre-
mimicking CRG@PVA fibers (161 MPa) [38]. And the modulus is
steadily enhanced from 3.34 GPa for the RGO fiber to 8.44 GPa (by
153%) for the RP30G70 fiber. Meanwhile, the toughness shows an
enormous improvement from 3.92 to 22.9 J cm�3 (by 485%) when
the PVA content is increased to 20 wt%. The RP10G90 fiber also show
significantly higher strength (186 MPa) and toughness (11.3 J cm�3,
10.1 J g�1) than the neat RGO fiber. Note that our RP20G80 fiber
(22.9 J cm�3) is much tougher than the nacre-mimicking CRG@PVA
fiber (~3.0 J cm�3 and ~10 J cm�3 before and after soaking in water,
respectively) [38]. These enhancements couldmainly arise from the
gap-filling effect of PVA molecules as indicated by obviously
increased density, and the strong interface interaction between
PVA molecules and RGO sheets as discussed earlier on the FTIR
spectra. It is found that the RP30G70 fiber possess much lower
toughness than the RP20G80 fiber. A possible reason is that excess
PVA leads to toomuch cross-linking points between the RGO sheets
and the PVA molecules and among PVAmolecules themselves. As a
result, the sliding between RGO sheets and the extension of PVA
molecules could be greatly limited, which is evidenced by themuch
lower elongation rate at break.

Good electrical conductivity of the active material in the



Fig. 5. Mechanical and electrical properties of the RGO and PVA/RGO fibers. (a) Typical tensile stress-strain curves. (b) Dependence of the strength, modulus and toughness on the
PVA content. (c) Dependence of the electrical conductivity on the PVA content.
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supercapacitor would favor a fast electron transport network and
provide a good rate performance. The conductivity of the neat and
hybrid fibers is shown in Fig. 5c. It can be seen that the conductivity
decreases quickly from 13.9 S cm�1 for the neat RGO fiber to
4.45 S cm�1 for the RP5G95 fiber, then slowly to 2.97 S cm�1 for the
RP20G80 fiber, and finally sharply again to 1.10 S cm�1 for the
RP30G70 fiber. The possible reason is that the incorporation of
insulative PVA would firstly fill the gaps among the edges of RGO
sheets, and thus greatly block the direct electron transport
pathway, which contributes mainly to the conductivity. Further
increase of PVAwould increase the layer spacing of RGO sheets, and
slowly decrease the electron hopping among RGO sheets, which
plays a minor role in the conductivity. However, the excess amount
of PVA would entirely coat the RGO sheets and block those two
ways for the electron transfer at the same time, leading to low
conductivity and hence poor capacitive performance.

It has been recognized that the affinity of graphene-based
electrodes to the electrolyte solution in a supercapacitor plays an
important role in the access to and diffusion of electrolyte ions
[20,27,29]. Most fiber-based supercapacitors work in aqueous
electrolytes in either liquid or gel state, due to their environmental
friendliness, safety and convenience. Therefore, we investigated the
hydrophilicity of the RGO and PVA/RGO fibers through water con-
tact angle tests. As shown in Fig. 6, the neat RGO fiber is hydro-
phobic with a water contact angle of 97�.On the contrary, all the
PVA/RGO hybrid fibers are hydrophilic, with gradually decreased
contact angles of 73�, 67�, 50� and 43� when the PVA content is
increased from 5 to 30 wt%. This obvious improvement in the hy-
drophilicity is mainly originated from the hydrophilic hydroxyl
groups of PVA molecules, as well as the newly formed ether groups
after reaction in the HI solution. Note that aqueous PVA gel is
widely used to support various electrolytes such as H3PO4, H2SO4
and LiCl for solid-state supercapacitors [5,33,49e51], because of its
excellent affinity to these electrolytes. Consequently, it is believed
that the PVA/RGO hybrid fibers would have excellent compatibility
with PVA-based gel electrolyte, and would favor the transport of
Fig. 6. Optical microscopic images of a water drople
the electrolyte ions across the fiber.
The electrochemical behavior of the RGO and PVA/RGO fibers

were firstly evaluated in three-electrode cells with 1 M H2SO4 so-
lution as the electrolyte. These fibers were used as free-standing
working electrodes, and the results are shown in Fig. 7. For the
CV tests at a scan rate of 2 mV s�1 (Fig. 7a), the neat RGO fiber
exhibits a curve with very low area, corresponding to a specific
capacitance of 9.24 F g�1; while the PVA/RGO hybrid fibers display
curves with significantly higher area despite of much lower con-
ductivities, achieving a highest specific capacitance of 171 F g�1 for
the RP10G90 fiber. Obvious redox peaks are observed for the RP10G90
and RP20G80 fibers, which can be stemmed from the reversible
reduction and oxidation of oxygen-containing moieties such as
carbonyl, carboxyl and phenolic groups on RGO sheets [52,20].
Fig. 7c shows that when the PVA content is increased from 0 to
30 wt%, the specific capacitance of these fibers firstly increases and
then decreases, with maximum values at a PVA content of 10 wt%.
The enormous capacitive enhancement enabled by PVA can be
ascribed to four reasons. First, large quantities of nano wrinkles on
the surface of the hybrid fibers provide much higher outer surface
area for contacting with the electrolyte solution. Second, the hy-
drophilicity of the hybrid fibers would favor the intrusion of elec-
trolyte ions into the fiber. Third, the spacer effect and the affinity of
PVA to H2SO4 would benefit the ion diffusion across the fiber.
Fourth, the looser stacking of RGO sheets provides significantly
higher inner surface area for the adsorption of electrolyte ions and
exposes much more number of oxygen-containing groups, thus
greatly contributing to the electric double layer capacitance and
pseudo-capacitance, respectively. Nevertheless, excess amount of
PVA not only decreases the electron conductivity, but would also fill
the gaps densely and cross-link the RGO sheets tightly, leaving less
room for the ion diffusion through the fiber. These explanations are
supported by the result of EIS in Fig. 7d. It can be seen that the neat
RGO fiber shows the highest impedance at all frequencies, and the
charge-transfer resistance (the diameter of the semicircle) de-
creases in the order of RP5G95, RP30G70, RP20G80 and RP10G90.
t on the RGO fiber and PVA/RGO hybrid fibers.



Fig. 7. Electrochemical properties of the RGO fiber and PVA/RGO hybrid fibers. (a) CV curves at 2 mV s�1 (b) CV curves of the RP10G90 fiber at different scan rates. (c) Dependence of
the mass-specific capacitance on the scan rate. (d) EIS of all the fibers. (e) GCD curves of the RP10G90 fiber at different current densities. (f) Dependence of the mass- and volume-
specific capacitance of the RP10G90 fiber on the current density.
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Therefore, the RP10G90 fiber with the most appropriate amount of
PVA demonstrates the best electrochemical performance.

The RP10G90 fiber exhibits a highest specific capacitance of 171
and 139 F g�1 at 2 and 5 mV s�1, respectively. These values are
significantly higher than that of a CNT-coated carbon fiber
(~11 F g�1 at 2 mV s�1 in 1 M H2SO4) and a twist-spun CNT fiber
(14.7 F g�1, 5 mV s�1, 0.5 M H2SO4) [53,54]. Further GCD tests
(Fig. 7e) show that a specific capacitance as high as 216 F g�1

(241 F cm�3) is achieved at a current density of 0.2 A g�1

(0.223 A cm�3, 0.0852 mA cm�2). This value is comparable with
that of a CNT/RGO@CMC (carboxymethyl cellulose) coaxial hybrid
fiber (239 F cm�3 at 0.1 mA cm�2, 1 M H2SO4) and an electrolyte-
mediated compact RGO film (255.5 F cm�3 at 0.1 A g�1,
1 M H2SO4) [55,32]. It is worth noting that the cost of PVA is much
lower than CNTand the spinning method is more convenience than
coaxial spinning. When the current density increased to 2.0 A g�1

(2.23 A cm�3), the specific capacitance reaches 105 F g�1

(117 F cm�3), corresponding to a capacitance retention rate of 49%.
This decrease is understandable, considering the moderate con-
ductivity of the fiber and that no current collector was used for this
long electrode (effective length ¼ 1.5 cm).
3.4. Performance of the PVA/RGO yarn supercapacitor

A flexible solid-state yarn supercapacitor was assembled from
two bundles of RP10G90 fiber onto the substrate of a PET yarn in
order to facilitate the weaving process and the electrical tests. As
shown in Fig. 8a, the fibers in a single electrode bind together and
attach well onto the PET yarn with the help of the PVA/H2SO4/H2O
gel electrolyte. This yarn supercapacitor shows excellent flexibility,
and is robust enough to be woven into a textile (Fig. 8b). The CV
curves (Fig. 8c) of this device are quasi-rectangular at low scan rates
(�10 mV s�1), and the GCD curves (Fig. 8d) are near triangular with
low potential drop at low current densities, indicating good charge
propagation across the fibers. Based on the calculations from GCD
curves, this yarn electrode exhibits a specific capacitance of
172 F g�1 (191 F cm�3) and 165 F g�1(184 F cm�3) at the current
density of 0.1 A g�1 (0.112 A cm�3, 0.043 mA cm�2) and 0.2 A g�1

(0.223 A cm�3, 0.0852 mA cm�2) respectively. The coulombic effi-
ciency (CE) is 82.5%, 87.0% and 97.9% at 0.1, 0.2 and 1.0 A/g,
respectively. The low CE at low current density is possibly due to
the partial electrolysis of water at high potential region and the
irreversible oxidation of some functional groups on RGO sheets
during charging. These capacitance values are significantly higher
than that of a LC-spun RGO fiber (3.77 F cm�3 at 0.1 mA cm�2) [13],
a RGO core-sheath fiber (~38 F g�1 at 0.2 A g�1) [12], and a
RGO@CMC fiber (114 F cm�3 at 0.1 mA cm�2) [32]. This yarn elec-
trode is even superior to most graphene-based hybrid fiber elec-
trodes such as a polyaniline deposited RGO fiber (76.1 F cm�3 at
0.1 mA cm�2) [13], a MoS2/RGO fiber (~120 F cm�3 at 0.1 A cm�3)
[31], a MnO2 deposited RGO fiber (169 F cm�3 at 0.1 mA cm�2) [33],
and a CNT/RGO@CMC fiber (158 F cm�3 at 0.1 mA cm�2) [32]. It is
worth noting that the mechanical strength and the elongation at
break of our RP10G90 fiber (186 MPa, 8.6%) are both higher than the
above mentioned RGO core-sheath fiber (~156 MPa, ~2.1%), the
RGO@CMC fiber (73 MPa, ~8%), the MnO2 deposited RGO fiber
(~125 MPa, ~4.2%), the CNT/RGO@CMC fiber (�116 MPa), and the
SWCNT/RGO fiber (�165 MPa, <4%) [15], indicating much superior
toughness for wearable applications.

When the current density is increased, the specific capacitance
decreases to 124 F g�1 (138 F cm�3) at 1.0 A g�1 and 82.7 F g�1

(92 F cm�3) at 2.0 A g�1, indicating a moderate capacitance reten-
tion rate of 72% and 48% respectively. This agrees well with that the
CV curves turn into shuttle shapes at high scan rates (�20 mV s�1),
which implies decreased capacitances during fast charge-discharge
process. The reason might be due to the low conductivity and the
dense structure of the RP10G90 fiber, limiting the electron transport
and ion diffusion under high rate condition. The rate performance
could possibly be improved by plying with a metal wire as the
current collector in the future. The cycling stability was evaluated
by cyclic GCD tests at 1.0 A g�1. The coulombic efficiency increases
from 98.1% to 100.2% after 1000 cycles, when the capacitance
retention rate is 85% (Fig. 8f). The capacitance loss is also reported
for other RGO fibers, CNT/RGO fibers and RGO films [20,52,58,59],



Fig. 8. Electrochemical performance of a yarn supercapacitor assembled from the RP10G90 fibers. (a) Photo of the device at straight and bending state. The enlarged part is an OM
image of the device illustrating two bundle of hybrid fibers attached to a PET yarn. (b) Photo of the device weaved into a textile at relaxed and folded state. (c) CV curves at different
scan rates. (d) GCD curves at different current densities. (e) Dependence of the volume- and mass-specific capacitance on the current densities. (f) Change of the capacitance ratio
and coulombic efficiency during the GCD cycling at 1.0 A g�1. (g) Capacitance change at different bending angles. The inset plot shows the capacitance stability during the cyclic
bending between 0� to 180� . (h) Comparison of the volumetric energy and power densities of the device(2) with other wire-shaped supercapacitors based on the MoS2/RGO fi-
bers(3) [31], the CNT/RGO@CMC fibers(4) [32], the PEDOT/CNT fibers plied with Pt wires(5) [18], the MnO2/carbon fibers (7) [7], as well as a commercial Li-film battery(1) [56] and a
2.75 V/44 mF active carbon supercapacitor(6) [57].
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and may be ascribed to the gradual degradation of redox groups
[52]. The flexibility of the yarn supercapacitor was investigated by
measuring the capacitance stability under different bending angle
(Fig. 8g). The result shows that 99% capacitance is remainedwhen it
is bent at 180�. And a 97% retention rate is observed after cyclic
bending between 0� and 180� for 1000 times. This excellent flexi-
bility and bending stability arise from the high toughness and
strength of the RP10G90 fiber, and would be qualified for practical
wearable applications.

The energy density and power density are two important pa-
rameters for supercapacitors, and their relationship can be featured
in a Ragone plot [60]. Fig. 8h compares the Ragone plots of our yarn
supercapacitor with other fiber supercapacitors and some com-
mercial devices. The RP10G90 yarn supercapacitor possesses an
energy density as high as 5.97 mW h cm�3 (5.32 mW h g�1) at the
power density of 26.9 mW cm�3(23.9 mW g�1). This value is su-
perior to that of a MnO2-deposited carbon fiber supercapacitor
(0.22 mW h cm�3 at ~8 mW cm�3) [7], a CNT/RGO fiber super-
capacitor (3.4 mW h cm�3 at ~20 mW cm�3) [58], a CNT/RGO@CMC
fiber supercapacitor (3.5 mW h cm�3 at ~18 mW cm�3) [32], and a
MoS2/RGO fiber supercapacitor (~4.2 mW h cm�3 at ~21 mW cm�3)
[31]. It is even comparable to that of a wire-shaped supercapacitor
based on a hierarchical MnO2/RGO hybrid fiber with 40 wt% MnO2
nanowires (5.8 mW h cm�3 at ~23 mW cm�3) [61]. Compared with
a Li-thin film battery, this yarn supercapacitor exhibits significantly
higher power densities while holds comparable energy densities.
Besides, these energy densities are ~7 times and ~3 times higher
than those of a 2.75 V/44 mF active carbon supercapacitor and an
ultrafast PEDOT/CNT fiber/Pt wire supercapacitor (1.4 mW h cm�3,
~4000 mW cm�3), respectively. Considering the power densities
are inferior to the active carbon supercapacitor, future work will be
focused on improving the rate performance.
4. Conclusion

In summary, continuous PVA/RGO hybrid fibers were success-
fully prepared by wet spinning of homogenous non-liquid-
crystalline PVA/GO dispersion followed by chemical reduction.
The hybrid fibers exhibit unique surface with plenty of nano
wrinkles and different shaped cross-section with loosely stacked
RGO sheets. Compared with the neat RGO fiber, their mechanical
strength and toughness are significantly enhanced due to the gap-
filling effect of PVA molecules as well as the strong interface
interaction between PVA molecules and RGO sheets. The hydro-
philicity is steadily increased with the increasing amount of hy-
drophilic PVA. Though less conductive than the neat RGO fiber,
these hybrid fibers show enormous improvement in the electro-
chemical performance due to their unique surface morphology,
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inner structure and enhanced hydrophilicity. The hybrid fiber
prepared at a PVA/GO weight ratio of 10/90 performs best in
1 M H2SO4 and exhibits a specific capacitance of 241 F cm�3 at a
current density of 0.223 A cm�3, outperforming most graphene-
based hybrid fibers. Moreover, its mechanical strength and tough-
ness are simultaneously much higher than these hybrid fibers. A
solid-state yarn supercapacitor assembled from the hybrid fibers
demonstrates a device energy of 5.97 mW h cm�3, together with
excellent flexibility and bending-stability. This flexible device is
also robust enough to be woven into a textile and hence has great
potential as wearable power source for smart textiles.
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