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rous carbon black/graphene
hybrid fibers for high performance flexible
supercapacitors†

Wujun Ma, Shaohua Chen, Shengyuan Yang and Meifang Zhu*

To meet the rapid development of lightweight, flexible, and even wearable electronics, it is critically

important to develop matchable, highly efficient energy-storage devices for their energy supply.

Graphene fiber-based supercapacitors (SCs) are considered as one of the promising candidates because

of the superior mechanical and electrical properties of graphene fibers. However, SCs based on neat

graphene fibers generally suffer a low capacitance and poor rate performance, which largely restrict their

potentially wide applications. Here, we report a simple, low cost and scalable wet-spinning method to

fabricate porous carbon black/reduced graphene oxide (CB/rGO) hybrid fibers. The hybrid fibers possess

very high surface area (254.6 m2 g�1) and a hierarchically porous nanostructure. A flexible solid-state SC

was assembled using the hybrid fiber, which exhibited high capacitance (97.5 F cm�3), excellent cycling

stability (95.9% capacitance retention over 2000 cycles), superior energy density (2.8 mW h cm�3) and

ultrahigh power density (1200 mW cm�3). Its physical shape and electrochemical performance is also

very well maintained under long-time periodic mechanical deformation that is particularly promising for

wearable electronic devices.
1. Introduction

Due to the fast development of portable and wearable elec-
tronics in our society, it is critically important to develop
matchable exible and highly efficient energy storage devices.1–8

Supercapacitors (SCs), which are superior in ultrahigh power
density, exceptional cycle life, and fast charging/discharging
capacity, are widely recognized as important candidates for
wearable electronics.9–12 In our daily lives, ber is one of the
most common exible materials. If the SCs are made in a wire
or ber format, they can satisfy the development of exible and
wearable electronics. Graphene ber formed by individual gra-
phene nanosheets is one of the promising candidates for ex-
ible electrodes, because they are light, highly conductive,
bendable, and even can be woven into wearable cloths. Up to
now, many methods have been developed to fabricate graphene
bers.13–26 However, due to the strong p–p stacking interaction
between individual graphene sheets, aggregation or restacking
inevitably occurs in the bers,27 which largely limits their
application in supercapacitors that specically require large
surface areas and a porous structure.28,29 To minimize the
restacking, considerable efforts have been devoted to fabricate
hemical Fibers and Polymer Materials,
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porous graphene bers. Inserting nano spacers such as
SWCNTs30,31 and MoS2 32 into graphene sheets to expand their
layer distance is an effective strategy to fabricate porous gra-
phene hybrid bers. However, the relatively high cost of
SWCNTs and MoS2 and non-continuous fabrication process for
graphene bers limit their practical application in exible SCs.
Consequently, it is still a great challenge to develop a scalable
method to fabricate low cost porous graphene bers for high
performance exible SCs.

Herein, low cost porous CB/rGO hybrid bers were fabri-
cated by a very simple, scalable wet-spinning method. Flexible
solid-state SCs were assembled using these hybrid bers and
exhibited high capacitance of 97.5 F cm�3, excellent cycling
stability, superior energy density of 2.8 mW h cm�3 and ultra-
high power density up to 1200 mW cm�3. Meanwhile, it main-
tained excellent physical and capacitive stability under bending
deformation, indicating a good exibility for exible and
wearable applications.
2. Experimental
2.1 Preparation of the bers

Graphite oxide was synthesized by a modied Hummers
method.33 To obtain the hybrid bers, CB (VXC-72R) and GO
were mixed at weight ratios of 0 : 100, 10 : 90, 20 : 80 and 40 : 60
into distilled water. The mixtures (10 mg ml�1) were sonicated
for 2 h and then concentrated to 40 mg ml�1 by evaporation in
60 �C water bath. Continuous wet-spinning was carried out on
This journal is © The Royal Society of Chemistry 2016
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a homemade apparatus.26 Firstly, homogeneous dispersions
were loaded into plastic syringes then injected into a rotating
coagulation bath, the resulted gel bers were rolled onto a drum
and dried at 60 �C in vacuum. All GO and CB/GO bers were
reduced in an aqueous HI solution (45%, Sinopharm) at 95 �C
for 12 h,34 followed by ethanol washing and drying at 60 �C for
12 h in vacuum. The CB/rGO bers with 10%, 20%, 40% CB
loading contents are respectively named as CB/rGO Fiber-10,
CB/rGO Fiber-20, and CB/rGO Fiber-40 hybrid bers.
2.2 Material characterization

The morphology and microstructure of the ber were measured
by FE-SEM (HITACHI S4800). Tensile tests were carried on a XQ-
1A ber tension tester (Shanghai New Fiber Instrument)
(extension rate of 2 mm min�1 with a gauge length of 10 mm).
The resistivity was measured using a two probe method on
a PC68 high resistance meter (Shanghai Cany Precision
Instrument). Nitrogen adsorption–desorption isotherms of the
bers were measured at 77 K using Micromeritics ASAP2020.
2.3 Fabrication of the ber-based SCs

Polyvinyl alcohol (3.0 g) was added to 27.0 g deionized water,
followed by heating at 95 �C under magnetic stirring for 3 h.
H3PO4 (3.0 g) was nally dropped to the above solution to form
the gel electrolyte. To fabricate a ber-based SCs, two bers with
the same diameter and length (1 cm) were connected to a metal
wire by Ag paste, respectively, immersed in the H3PO4–PVA gel
solution for 24 h, dried at room temperature until the gel
electrolyte solidied, and placed on a Scotch tape in parallel.
Finally another piece of tape was pasted on it to form a solid-
state SCs.
Fig. 1 Schematic of the fabrication of CB/rGO hybrid fibers.
2.4 Electrochemical characterization

The electrochemical performances of the assembled SCs were
carried out using a two-electrode conguration on an electro-
chemical workstation (CHI 660E). The capacitance was calcu-
lated from CV curves using the equation

C ¼ 1

2DUv

ð
jiðUÞjdU (1)

where C is the total capacitance, v is the scan rate and DU is the
potential window, i(U) is the current.

C can be also calculated from GCD curves using

C ¼ IDt

DU
(2)

where I and Dt are the discharging current and time,
respectively.

The volumetric and mass capacitances (CV and CM) of the SC
were calculated using the equations

CV ¼ 4C

V
(3)

CM ¼ 4C

M
(4)
This journal is © The Royal Society of Chemistry 2016
where V and M refer to the volume and mass of the SC,
respectively.

V is calculated according to the equation

V ¼ 2pR2L (5)

where R is the radius of the ber, L is the ber length, factor 2
means two bers.

The volumetric energy (EV) and power (PV) density of the SCs
were calculated using the equation

EV ¼ 1

8
CVDU

2 (6)

PV ¼ EV/Dt (7)

3. Results and discussions

The porous CB/rGO bers were continuously prepared through
a simple scalable wet spinning method, followed by chemical
reduction, as shown in Fig. 1. Firstly, CB and GO were mixed to
form homogeneous spinning dopes, in which GO could act as
a surfactant to disperse CB. Then the dope was smoothly
injected into a rotating coagulation bath through a spinneret to
obtain CB/GO ber. The spinning velocity of CB/GO bers is
about 2 m min�1, which can be further improved by adjusting
the spinning conditions. Finally, the obtained CB/GO bers
were reduced by HI solution to form CB/rGO bers. By this
method, hundreds of meters long CB/rGO bers can be ob-
tained. To obtain the optimum composition, several bers with
different CB contents were fabricated. However, when the CB
content is over 40%, the formed gel ber is too weak to be
collected.

The morphology and microstructure of the neat and hybrid
bers were measured by SEM in Fig. 2. It is obvious that for the
neat rGO ber without CB, the rGO sheets are packed very
tightly due to the p–p interactions (Fig. 2a–c). While for CB/rGO
hybrid ber, the rGO sheets were effectively separated apart by
CB, forming a hierarchically porous structure (Fig. 2d–f). Such
an interconnected porous structure could largely increase the
accessible surface areas and facilitate the electrolyte ions
diffusion between rGO sheets when used as supercapacitor
electrode.

The mechanical and electrical properties of the hybrid bers
were investigated, and results are shown in Fig. 3. Due to the
presence of plenty of pores, the tensile strength decreases from
RSC Adv., 2016, 6, 50112–50118 | 50113
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Fig. 2 SEM images of the cross-section of neat rGO fiber (a–c) and CB/rGO-40 hybrid fiber (d–f).

Fig. 3 Mechanical and electrical properties of the rGO and CB/rGO fibers. (a) Typical tensile stress–strain curves. (b) Dependence of the strength
on the CB content. (c) Dependence of the electrical conductivity on the CB content.

RSC Advances Paper

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 D
on

gh
ua

 U
ni

ve
rs

ity
 o

n 
27

/0
5/

20
18

 1
3:

59
:3

6.
 

View Article Online
159 MPa for the neat ber to 92 MPa when the loading content
of CB increases to 40%. However, the elongation at break is
increased, indicating superior ductility for promising applica-
tions in exible and wearable devices. The strength of CB/rGO-
40 hybrid ber is comparable with that of SWCNT/rGO ber (84
MPa)30 and rGO@CMC ber (73 MPa).31 When the CB content is
increased, the electrical conductivity is surprisingly improved
from 16 S cm�1 for the neat rGO ber to 21.5 S cm�1 for CB/rGO
Fiber-20, and then decreases slightly to 14.9 S cm�1. A possible
reason is that conductive CB nanoparticles provide plenty of
conductive bridges between rGO sheets. But too many pores are
Fig. 4 (a) Nitrogen adsorption–desorption isotherms and (b) pore size d

50114 | RSC Adv., 2016, 6, 50112–50118
created at a high CB content and would lead to decreased
conductivity.

The specic surface area and microstructures of the ob-
tained bers were measured using nitrogen adsorption–
desorption technique (Fig. 4a). The isotherm curve of CB/rGO-
40 ber shows type IV with a hysteresis loop,35 suggesting the
presence of mesopores in the CB/rGO ber,36 which is con-
structed by the stacked graphene sheets and CB.37 The Bru-
nauer–Emmett–Teller (BET) surface area of the CB/rGO-40 ber
was as high as 254.6 m2 g�1. By comparison, the neat rGO ber
showed a lower specic surface area of 13.4 m2 g�1, indicating
istribution of the neat rGO fiber and CB/rGO-40 hybrid fiber.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Scheme of the fabrication process of flexible solid-state supercapacitors based on the fibers. (b–e) Electrochemical performance of
the SCs assembled from the neat rGO fibers and CB/rGO hybrid fibers. (b) CV curves at a scan rate of 50 mV s�1. (c) GCD curves at a current
density of 0.64 A cm�3. (d) Volumetric capacitance of the SCs at different scan rates. (e) Nyquist plots of the SCs.
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that the introduction of CB nanoparticles can efficiently prevent
the agglomeration of the rGO sheets and form porous structure.
The pore size distribution is shown in Fig. 4b. Clearly, almost no
obvious peaks of mesopores existed in the neat rGO ber
(Fig. 4b), which is consistent with the low BET surface area,
suggesting the serious restacking of the rGO sheets during
drying. The CB/rGO-40 ber shows a broad pore size distribu-
tion of 2–200 nm and two obvious peaks centered at 2.5 and 30
nm, suggesting the presence of mesopores and large pores in
the ber, which is consistent with the SEM images. Such hier-
archical structure with high specic surface area and large
fraction of mesopores could provide more favorable pathways
for electrolyte penetration and more inner area for ion
This journal is © The Royal Society of Chemistry 2016
adsorption, thus facilitate the rapid charge–discharge and
enhance the capacitance of the ber electrode.36

To explore the electrochemical performance of the porous
bers, all solid-state wire-shaped SCs were fabricated according
to the schematic in Fig. 5a. The PVA/H3PO4 gel was used as the
electrolyte, and the Scotch tape worked as the substrate and the
protection shield (Fig. 5a). The capacitive performances of the
SCs based on the neat rGO and CB/rGO bers were analyzed by
using CV and GCD characterizations. As shown in Fig. 5b, the
maximum current density and integrated area of the CV curves
increases denitely with the loading content of CB at the same
scan rate. Fig. 5c shows that all GCD curves are nearly
symmetric, demonstrating a typical behavior of double layer
RSC Adv., 2016, 6, 50112–50118 | 50115
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Fig. 6 Electrochemical performances of the CB/rGO-40 fiber based SC. (a) CV and (b) GCD curves of the SC. (c) Dependence of the volume-
andmass-specific capacitance on current densities. (d) Ragone plots comparing our SCwith commercial energy storage systems ((2) 4 V/500 mA
h thin-film lithium battery, (3) 2.75 V/44 mF commercial SC, (4) 5.5 V/100 mF commercial AC-SC, (5) 3 V/300 mF Al electrolytic capacitor) and
other fiber-shaped SCs ((6) MnO2/carbon fiber, (7) PEDOT/CNT fiber/Pt wire, (8) MoS2/RGO, (9) CNT/RGO@CMC fiber). (e) Dependence of
capacitance ratio on the GCD cycle number. Inset: GCD curve after 2000 cycles at 0.64 A cm�3. (f) Capacitance retention during 1000 bending
cycles between a bending angle of 0� and 180�.
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SCs. And the charge–discharge time obviously increases with
the increasing CB content. The volumetric capacitances clearly
increased with the increasing CB weight percentage (Fig. 5d)
and the CB/rGO-40 ber shows the highest capacitance of 97.5 F
cm�3 at 2 mV s�1, that is appropriately 7 times of the neat rGO
bers (15.3 F cm�3) under the same condition. Furthermore,
when the scan rate increases from 2 mV s�1 to 500 mV s�1, the
capacitance decreases to 48.7 F cm�3 corresponding to a reten-
tion rate of 50%, which indicates an excellent rate capability.
This could be attributed to its small internal resistance (Fig. 5e).

The SC based on CB/rGO-40 hybrid bers was carefully
investigated. The CV curves in Fig. 6a show rectangular shapes
even at a high scan rate of 200 mV s�1, inferring their excellent
rate performance. The charge–discharge behavior of the SC was
also examined in the voltage range between 0 and 1 V (Fig. 6b). All
Fig. 7 GCD curves of single and three SCs connected in parallel (a) and
series driving a red LED (1.8 V, 20 mA).

50116 | RSC Adv., 2016, 6, 50112–50118
the GCD curves maintained a typical triangular shape even at
a high current densities up to 6.4 A cm�3, indicating a nearly
ideal capacitive behavior. The specic capacitance of the CB/rGO-
40 ber electrode is 79 F cm�3 (125.8 F g�1) at a current density of
0.32 A cm�3 (Fig. 6c), which is substantially higher than those of
a LC-spun RGO ber (3.77 F cm�3 at 0.1 mA cm�2),38 a RGO core–
sheath ber (�38 F g�1 at 0.2 A g�1),19 and comparable to
a polyaniline deposited RGO ber (76.1 F cm�3 at 0.1 mA cm�2).38

As the current density increased to 6.4 A cm�3, the CB/rGO-40
ber electrode still showed a capacitance as high as 58.1 F
cm�3 or 92.5 F g�1 (73.5% retention, Fig. 6c), implying an
outstanding rate performance. This could be attributed to the
hierarchically interconnected porous structure of the hybrid ber
(Fig. 2h), which could facilitate the rapid transport andmigration
of electrolyte ions during the charge/discharge process.
series (b). (c) Photograph showing three as prepared SCs connected in

This journal is © The Royal Society of Chemistry 2016
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The Ragone plots in Fig. 6d show that the maximum energy
density of our SC is up to 2.8 mW h cm�3 at the power density of
80 mW cm�3, which is superior to those of commercially
available SCs.39,40 Compared with a Li-thin lm battery, the SC
exhibits signicantly higher power densities while holds
comparable energy densities.41 This value is also higher than
MnO2@CNT ber SC (1.73 mW h cm�3)42 and the MnO2-
deposited carbon ber SC (0.22 mW h cm�3).43 The volumetric
power density can be up to 1200 mW cm�3, which is superior to
the CNT/RGO@CMC ber SC (200 mW cm�3),31 the MoS2/RGO
ber SC (200 mW cm�3)32 and a CNT/RGO ber SC (1080 mW
cm�3).30 To now, the volumetric power density of our SC may be
the highest among the graphene ber-based SCs. The cyclic
stability of the SC was explored by a galvanostatic charge/
discharge test. The capacitance remained at 95.9% of the
initial capacitance aer 2000 cycles (Fig. 6e), the capacitance
loss may be ascribed to the gradual degradation of redox groups
in rGO, which was also reported for rGO bers, CNT/rGO bers
and rGO lms.44–48 Furthermore, this SC is high exibility and
electrochemical stability under repeated bending cycles. As
shown in Fig. 6f, it shows only 2% decay in capacitance aer
1000 bending cycles between a bending angle of 0� and 180�.

To demonstrate the practical applications, we have connected
three SCs together in series and/or parallel. The device was eval-
uated by GCD measurements. Fig. 7a shows that the discharge
time of the three SCs connected in parallel is three times that of
a single SC when operated at the same current density. With
similar discharge time, the voltage window can be expanded from
1 V to 3 V by connecting three SCs in series (Fig. 7b), aer
charging at 3 V, it can efficiently power a red light-emission diode
(LED) (Fig. 7c), demonstrating its potential application as an
efficient energy storage component for exible electronics.

4. Conclusion

In summary, a very simple and scalable wet-spinning method
was developed to fabricate porous CB/rGO hybrid bers with
low cost. By introducing CB as spacers, the restacking of rGO
sheets was effectively hindered. The hybrid bers possess very
high surface area and a hierarchically porous nanostructure. A
exible solid-state SC assembled from the CB/rGO-40 hybrid
bers exhibited high single-electrode capacitance, excellent
cycling stability, and high energy density and outstanding
power density. It also well maintained its physical shape and
electrochemical performance under long-time periodical
mechanical deformation. Besides, this work opens a door for
the large-scale production of low cost hybrid graphene bers
with desirable high surface and hierarchical porous nano-
structure for many critical applications such as water treatment
and electrochemical sensors.
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