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Highly flexible all-solid-state cable-type supercapacitors based on Cu/reduced graphene oxide/

manganese dioxide fibers (Cu/RGO/MnO2) were successfully assembled by closely placing two Cu/RGO/

MnO2 fibers in a parallel direction and using PVA–KOH gel electrolyte, in which the Cu/RGO/MnO2 fiber

electrode, possessing good flexibility, excellent electrochemical properties, and high electrical

conductivity was prepared by heating a glass pipeline filled with a Cu wire and a graphene oxide

homogenous suspension at 230 �C for 2.5 h. The Cu/reduced graphene fiber was then refluxed in

KMnO4 solution at 70 �C for 120 min. As well as being used as a current collector, the Cu wire also

served as the matrix for depositing active materials and improving the fiber flexibility, causing a high-

quality interfacial contact between the current collector and the active materials. The optimized all-

solid-state Cu/RGO/MnO2(6.0) fiber supercapacitor showed a high specific capacitance of 140 mF cm�2

at a current density of 0.1 mA cm�2, enhanced capacitance retention of 97% after 500 bending cycles

with a big angle of 120�, and relatively good stability (88% of initial capacitance values after 5000 cycles).

Moreover, aside from its excellent electrochemical performance, it could light a LED lamp when

connected with a battery, indicating that the assembled Cu/RGO/MnO2 fiber supercapacitor could be

used not only as an energy storage device, but also an electrical conduction cable, which could have

a significant impact on future energy storage applications.
1. Introduction

Recently, all solid-state supercapacitors integrating electrodes,
solid electrolytes and separators into a single entity have
attracted tremendous attention because of their low weight,
good exibility, high capacitance and safety.1,2 They are also
much more suitable for developing ber supercapacitors with
exibility and good electrochemical properties.3,4 To develop all-
solid-state ber supercapacitors with good exibility and
excellent capacitance, the design and preparation of the ber
electrodes with these same properties are very important. In
general, carbon based bers5–7 are used as the exible electrode
material and the constructed carbon based ber super-
capacitors show a relatively low performance, although they
also possess good exibility and are lightweight.8–10 Therefore,
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the exible electrode materials for all-solid-state ber super-
capacitors with a high capacitance and energy density still need
to be designed and prepared.

It is well known that graphene has been widely explored as
an electrode material for high-performance supercapacitors
because of its high surface area, good electrical conductivity,
and chemical stability.11 Most importantly, graphene can be
assembled into one-dimensional bers with remarkable
features including high strength, electrical and thermal
conductivities, low weight and ease of functionalization.12,13

These graphene bers have prominent advantages over
common carbon based bers for application in ber-based
devices while maintaining the basic characteristics of gra-
phene.14,15 However, graphene ber supercapacitors still show
a relatively low capacitance due to the lack of structure opti-
mization and inefficiency of the pseudocapacitance, therefore
limiting their applications as high performance ber super-
capacitors.16 In order to improve their capacitive performance,
some pseudocapacitive materials such as MnO2, RuO2, Fe2O3,
etc. are incorporated into graphene bers.17–20 Among them,
MnO2–graphene ber supercapacitors have been designed and
prepared due to their outstanding characteristics such as high
theoretical specic capacitance (�1400 F g�1), natural abun-
dance, and environmental friendliness,21 for example
This journal is © The Royal Society of Chemistry 2017
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PPy@MnO2@rGO deposited conductive yarns,22 GF–MnO2

composite bers,23 graphene ber-based asymmetric micro-
supercapacitors,24 MnO2-modied hierarchical graphene ber,25

CuO@AuPd@MnO2 core–shell NWs,26 hierarchical MnO2

nanowire/graphene hybrid bers,27 C/MnO2 core–shell ber,28 d-
MnO2/holey graphene hybrid ber,29 etc. However, incorporating
MnO2 causes the exibility and electrical conductivity of the
prepared ber electrodes to decrease because of the poor elec-
trical conductivity and rigidity of these transition metal oxides.30

Therefore, it is still a challenge to further improve the electrical
conductivity and exibility of the transition metal oxide–gra-
phene ber electrodes in order to construct all-solid-state ber
supercapacitors also with these properties.

Not long ago, the Thomas group developed a coaxial cable
concept, in which both the inner and outer conductors share
the same geometric axis and both the electrical conduction and
energy storage properties can be integrated into the same
cable.26 This will revolutionize energy storage applications, and
makes combining two different functional devices into one
device possible. It is well known that one of the major roles of
current collectors in supercapacitors is to effectively collect/
transport charge carriers (e.g., electrons) from/to the active
materials during the charge and discharge processes. Thus,
a high-quality interfacial contact between the current collector
and the active material is highly desirable to reduce the contact
resistance and lead to high power and rate capabilities.31 Based
on the coaxial cable concept and aiming to further improve the
electrical conductivity and exibility of the transition metal
oxide–graphene ber electrodes for constructing all-solid-state
ber supercapacitors with good exibility and excellent capac-
itance, the Cu/RGO/MnO2 ber electrode with good exibility,
excellent electrochemical properties, and high electrical
conductivity was prepared. The synthesis consisted of heating
a glass pipeline lled with a Cu wire (150 mm in diameter) and
a graphene oxide homogenous suspension at 230 �C for 2.5 h,
followed by reuxing the Cu/RGO ber in KMnO4 solution at
70 �C for 120 min. By then closely placing two Cu/RGO/MnO2

bers in a parallel orientation and using PVA–KOH gel elec-
trolyte, the highly exible, all-solid-state cable-type super-
capacitors based on the Cu/RGO/MnO2 ber electrodes were
nally assembled. They not only exhibited a high specic
capacitance of 140mF cm�2 at a current density of 0.1 mA cm�2,
an enhanced capacitance retention of 97% aer 500 bending
cycles with a big angle of 120�, and a relatively good stability
(88% of initial capacitance values aer 5000 cycles), but also
could light an LED lamp aer it is fully charged or serve as
a conductive cable connecting the lamp lit with a battery, sug-
gesting that the assembled Cu/RGO/MnO2 ber supercapacitor
could be used as an energy storage device as well as an electrical
conduction cable. This has high impact on the future energy
storage applications.

2. Experimental
2.1 Materials preparation

All chemicals used in this experiment were of analytical grade
and used without further treatment. Graphene oxide (GO) was
This journal is © The Royal Society of Chemistry 2017
purchased from Nanjing XFNANO Material Technology
Company Limited. 120 mg of GO was dispersed into ultrapure
water (10 mL) and treated by ultrasonication in a water bath for
4 h, and a homogeneous GO suspension (12 mg mL�1) was
obtained.

The Cu/reduced graphene oxide (Cu/RGO) bers were
prepared by an improved one-step dimensionally-conned
hydrothermal strategy,32 in which the Cu wire was selected as
the ber-formed center and current collector. In a typical
process, the Cu wire with both a length of 7 cm and a diameter
of 150 mm was rstly cleaned in acetone for 1 min and then was
washed with distilled water. It was then placed into a glass
pipeline with a 0.5 mm inner diameter, and the GO homoge-
nous suspension (1 mL, 12 mgmL�1) was injected into the glass
pipeline using a syringe and its nozzle was sealed with an
alcohol burner. The glass pipeline served as a hydrothermal
reactor and was baked in an oven at 230 �C for 2.5 h. The
reduced graphene oxide nanosheets (RGO) were coated on the
surface of the Cu wire, and Cu/RGO bers matching the pipe
geometry were obtained. The preformed Cu/RGO ber was
taken by a nipper from the pipeline, which had a diameter of
about 160 mm in its wet state and was placed on glass slides for
drying in air. The dried Cu/RGO ber almost maintained its
length but its diameter reduced to about 152 mm due to water
loss. The as-prepared Cu/RGO ber showed good exibility, and
could be bent to any angle by hands.

The Cu/RGO bers (10 mg) were then soaked in a 6.0 mM
KMnO4 solution (50 mL) in a 150 mL ask. The reaction system
was stirred for 5 min and then reuxed at 70 �C for 120min. The
nanostructured d-MnO2 was successfully deposited on the
surface of the Cu/RGO bers via in situ reaction between carbon
and KMnO4, and thus the Cu/RGO/MnO2(6.0) ber electrode was
nally prepared aer it was washed with deionized water and
dried in a vacuum oven. By changing the concentrations of the
KMnO4 solution, Cu/RGO/MnO2(M) ber electrodes with
different MnO2 coating amounts were obtained by a similar
process, in which M was the concentration of KMnO4 solution.
2.2 Material characterization

The morphology of the Cu/RGO/MnO2 ber electrodes was
observed on a TM-3000 scanning electron microscope (SEM)
and an SU8020 eld-emission scanning electron microscope
(FESEM). X-ray diffraction (XRD) patterns were obtained on a D/
Max-3c instrument operating at 40 kV and 20 mA, using Cu Ka
radiation (l ¼ 1.5406 Å). Raman spectra were measured and
collected using a Renishaw inVia Raman microscope with an
excitation wavelength of 532 nm. A Q600 thermoanalyzer
system was used to analyze the content of carbon upon heating
from room temperature to 800 �C in air. X-ray photoelectron
spectroscopy (XPS) was performed with AXIS ULTRA (Kratos
Analytical Ltd.) using Ka radiation (1486.6 eV) as an excitation
source. To ensure the accuracy of the data measured, all of the
binding energies were calibrated relative to the C 1s peak (284.6
eV) from the hydrocarbon adsorbed on the surface of Cu/RGO/
MnO2 ber electrodes.
RSC Adv., 2017, 7, 10092–10099 | 10093
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2.3 Electrochemical measurement

The exible symmetric all-solid-state cable-type ber super-
capacitor based on the Cu/RGO/MnO2 ber electrode was
assembled using the Cu/RGO/MnO2 ber as both the positive
and negative electrodes. In order to avoid the risk of a short
circuit caused by uneven coating from polyvinyl alcohol (PVA–
KOH) electrolyte, the Cu/RGO/MnO2 ber was rstly coated with
PVA gel and then immersed in KOH solution. The PVA gel was
prepared by adding 3.0 g of PVA into 30 mL deionized water,
followed by steadily heating at 85 �C and vigorously stirring
until the mixture became clear, and then it was naturally cooled
to room temperature. Two Cu/RGO/MnO2 bers were closely
placed in a parallel orientation, and immersed into the PVA gel
for 3 h and then dried at room temperature until the coated PVA
gel had solidied. Aer repeating this two times, the two Cu/
RGO/MnO2 bers were successfully assembled together by the
viscosity of the PVA gel. The Cu/RGO/MnO2 bers coated with
PVA gel were then immersed into 6 M KOH solution (30 mL) for
12 h, and a exible symmetrical all-solid-state ber super-
capacitor based on the Cu/RGO/MnO2 ber electrode was
successfully assembled aer it was packaged with PTFE lm.
Cyclic voltammetry (CV) and galvanostatic charge–discharge
tests were carried out with a CHI660E electrochemical work-
station (CH Instruments Inc. China) in a two-electrode system
in the PVA–KOH gel electrolyte. The capacitance C of the
supercapacitor was calculated by using the equation: C ¼ I/(dV/
dt), where I and dV/dt were the discharge current and the slope
of the discharge curve, respectively. The area specic capaci-
tance CA was derived from the equation: CA ¼ C/A, where A ¼ p

� L � D (L is the device length and D is the diameter of the ber
electrode).
3. Results and discussion

The formation process schematic of the all-solid-state cable-
type ber supercapacitor based on the Cu/RGO/MnO2 ber
electrode is presented in Fig. 1. In order to increase the inter-
facial contact between the current collector and the active
material and to reduce the contact resistance, the Cu wire has
been selected as both the current collector and the ber-formed
center in the present work. At rst, the Cu wire, with both
a length of 7 cm and a diameter of 150 mm, is placed into a glass
pipeline with a 0.5 mm inner diameter, and GO homogenous
suspension is injected into the glass pipeline by using a syringe.
The glass pipeline is then baked in an oven at 230 �C for 2.5 h,
Fig. 1 Schematic preparation representation of the all-solid-state cable

10094 | RSC Adv., 2017, 7, 10092–10099
the reduced graphene oxide nanosheets (RGO) are coated on the
surface of the Cu wire, and the Cu/RGO bersmatching the pipe
geometry are obtained. Secondly, when the Cu/RGO ber is
soaked in KMnO4 solution and reuxed at 70 �C for 120 min, d-
MnO2 with a regular inter-connected structure is deposited on
the surface of the Cu/RGO ber via in situ reaction between
carbon and KMnO4, and the Cu/RGO/MnO2 ber electrode is
prepared by washing it with deionized water and drying in
a vacuum oven. Thirdly, the exible symmetric all-solid-state
cable-type ber supercapacitor based on the Cu/RGO/MnO2

ber electrode is assembled by using the Cu/RGO/MnO2 ber as
both positive and negative electrodes. Two Cu/RGO/MnO2 bers
are closely placed in a parallel orientation, and are immersed
into the PVA gel and then immersed in KOH solution in order to
avoid the risk of a short circuit caused by uneven coating from
the PVA–KOH electrolyte.

Because the coated amount of MnO2 on the surface of the
Cu/RGO ber affects the capacitance of the assembled
symmetrical supercapacitor due to its pseudocapacitance
characteristic, the coated amount is rstly investigated by
changing the concentration of the KMnO4 solution, and the
FESEM images and XRD patterns of the obtained Cu/RGO/
MnO2 bers are studied. It can be seen that the morphologies of
the Cu/RGO/MnO2 bers have obvious differences (Fig. S1†).
When the amount of coated MnO2 is small or large, the nano-
structured d-MnO2 cannot be homogeneously distributed
throughout the surface of the Cu/RGO ber and the regular
inter-connected MnO2 arrays cannot be formed. On the other
hand, MnO2 can be homogeneously distributed throughout the
surface of the Cu/RGO ber and the regular inter-connected
MnO2 arrays are formed for the Cu/RGO/MnO2(6.0) ber elec-
trode when the Cu/RGO ber is soaked in 6.0 mM KMnO4

solution and reuxed at 70 �C for 120 min. In order to better
understand the effect of the coated MnO2 amount on the
microstructure of the Cu/RGO ber, the XRD patterns of the Cu/
RGO/MnO2 bers obtained from different MnO2 coating
amounts are given in Fig. S2.† It can be seen that the XRD
pattern of the Cu/RGO ber exhibits a broad peak at 25.3�,
corresponding to the (002) plane of the stacked reduced gra-
phene sheets.33 The XRD patterns of the Cu/RGO/MnO2 bers
obtained from different amounts of coated MnO2 indicate that
a weak typical diffraction peak at 12.3� corresponding to the
(001) plane of d-MnO2 can be indexed except the diffraction
peak around 25.3� for the Cu/RGO ber,34 suggesting that d-
MnO2 with a layered structure is formed on the surface of the
Cu/RGO ber. Moreover, the peak intensity hardly changes with
-type supercapacitor based on the Cu/RGO/MnO2 fiber electrode.

This journal is © The Royal Society of Chemistry 2017
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the coated amount of MnO2, indicating the weak crystallinity of
the formed d-MnO2.

The birnessite-type structure of the formed d-MnO2 on the
surface of the Cu/RGO ber is further conrmed by the Raman
spectra (Fig. S3,† above). Except from the D band (about 1350
cm�1) and G band (1590 cm�1) associated with the reduced
graphene oxide,35 one feature peak at 645 cm�1 is observed for
the Cu/RGO/MnO2 bers due to the existence of d-MnO2. The
experimental data is in good agreement with the major vibra-
tional features of d-MnO2 reported previously,36 supporting that
MnO2 with a birnessite-type layered structure is formed. In
addition, the amount of d-MnO2 coated on the surface of the
Cu/RGO bers, calculated from their TG-DTA curves (Fig. S3,†
below), and by scraping them off the Cu wire, are around 16%,
52% and 36% for the Cu/RGO/MnO2(4.0), Cu/RGO/MnO2(6.0),
and Cu/RGO/MnO2(7.0) ber electrodes, respectively. Among
these ber electrodes, the Cu/RGO/MnO2(6.0) ber electrode
shows the largest amount of coated MnO2. It also possesses the
regular inter-connected MnO2 arrays on the surface of the Cu/
RGO ber and it could potentially show good electrochemical
properties when is assembled into a symmetrical
supercapacitor.

Therefore, the exible symmetrical all-solid-state cable-type
ber supercapacitors based on Cu/RGO/MnO2 ber electrodes
are assembled, and their cyclic voltammetry (CV), charge–
discharge curves and electrochemical impedance spectroscopy
(EIS) are tested in a two-electrode system in PVA–KOH gel
electrolyte, and the experimental results are shown in Fig. 2.
Compared with the CV curve area of the symmetrical Cu/RGO at
50 mV s�1 in a range of 0.0 to 0.8 V vs. SCE, the closed CV curve
area for the symmetrical Cu/RGO/MnO2 ber supercapacitors
becomes larger in the company of increased amounts of coated
MnO2, suggesting that the capacitance of the symmetrical Cu/
RGO/MnO2 ber supercapacitor can be improved by increasing
the loading amount of the nanostructured MnO2 (Fig. 2, le).
Moreover, the symmetrical Cu/RGO/MnO2(6.0) ber super-
capacitor exhibits the largest CV area, indicating that it has the
largest specic capacitance of all the symmetrical Cu/RGO/
MnO2 ber supercapacitors. The higher specic capacitance
may be ascribed to two aspects. One is that the amount of d-
MnO2 coated on the surface of the Cu/RGO ber is the largest in
Fig. 2 Electrochemical characterization of the all-solid-state cable-type
amounts of MnO2: CV curves at a scan rate of 50 mV s�1 (left), galvan
(middle), and Nyquist plots over the frequency range of 100 kHz to 0.1 H

This journal is © The Royal Society of Chemistry 2017
the Cu/RGO/MnO2 ber electrodes, increasing pseudocapaci-
tance and its full utilization. Another is that the Cu wire as the
current collector not only reduces the contact resistance, but
also improves the electrical conductivity of the ber electrode.
In addition, all CV curves show a typically rectangular shape and
no obvious faradaic current, suggesting that these symmetrical
Cu/RGO/MnO2 ber supercapacitors possess an ideal EDLC
behavior at the electrode/electrolyte interface.37 Also the same
trend can be found by comparing the GCD curves of the
symmetrical Cu/RGO/MnO2 ber supercapacitors at a current
density of 0.3 mA cm�2 (Fig. 2, middle). All of the charging
curves are symmetrical with their corresponding discharge
counterparts and show good linear voltage–time proles, indi-
cating good capacitive behavior of the symmetrical Cu/RGO/
MnO2 ber supercapacitors. In comparison with the specic
capacitance of the symmetrical Cu/RGO ber supercapacitor (20
mF cm�2) and the other two symmetrical Cu/RGO/MnO2 ber
supercapacitors (37–70 mF cm�2), the symmetrical Cu/RGO/
MnO2(6.0) ber supercapacitor shows the largest area specic
capacitance of 80 mF cm�2.

In order to further investigate the charge transfer at the
interface of the electrolyte-hybrid electrode, the Nyquist plots of
the symmetrical Cu/RGO and Cu/RGO/MnO2 ber super-
capacitors over a frequency range of 0.01 Hz to 100 kHz are
tested, and the experimental results are shown in Fig. 2, right. It
can be seen that their Nyquist plots are composed of a straight
line at the lower frequency region and a semicircle at the higher
frequency region. For the symmetrical Cu/RGO ber super-
capacitor, its Nyquist plot shows a smaller semicircle than those
of the symmetrical Cu/RGO/MnO2 ber supercapacitors, sug-
gesting that the symmetrical Cu/RGO ber supercapacitor
shows low charge transfer resistance.38 Moreover, although all
symmetrical Cu/RGO/MnO2 ber supercapacitors show
a similar vertical line, the symmetrical Cu/RGO/MnO2(6.0) ber
supercapacitor shows the most vertical line, suggesting that the
conductive links between MnO2 and RGO provide an enhanced
electrical conductivity or easily accessible ion path for electro-
lyte ions.39 Although the manganese oxide electrode shows low
electron conductivity because of its semiconductor character-
istic,40 the electrical conductivity of the symmetrical Cu/RGO/
MnO2(6.0) ber supercapacitor is improved, suggesting that Cu
supercapacitor based on Cu/RGO/MnO2 fibers coated with different
ostatic charge/discharge curves at a current density of 0.3 mA cm�2

z (right).

RSC Adv., 2017, 7, 10092–10099 | 10095
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wire as the current collector is favorable for improving the
electrical conductivity of the Cu/RGO/MnO2(6.0) ber electrode.
These experimental results suggest that the symmetrical Cu/
RGO/MnO2(6.0) ber supercapacitor shows good capacitive
performance. Therefore, the exible all-solid-state symmetrical
Cu/RGO/MnO2(6.0) ber supercapacitor is further investigated.

An SEM image of the exible all-solid-state symmetrical Cu/
RGO/MnO2(6.0) ber supercapacitor is shown in Fig. 3a. It shows
a rough outer surface with a diameter of around 150 mm. The
micro-morphology is further investigated by eld-emission
scanning electron microscopy (FE-SEM), and the MnO2 nano-
structure with inter-connected arrays uniformly grows on the
Cu/RGO ber (Fig. 3b). Moreover, the energy dispersive spec-
troscopy (EDS) mapping for the bre axial direction also shows
the existence of C, O, Mn and Cu elements, suggesting that the
nanostructured MnO2 is homogeneously distributed
throughout the Cu/RGO ber (Fig. 3c). Additionally, the
manganese oxidation state in Cu/RGO/MnO2(6.0) ber is very
important when it is used as an electrode material for a super-
capacitor, and is conrmed by XPS analysis; the experimental
result is showed in Fig. 4. Two peaks at 642.7 eV and 653.9 eV
are observed and can be attributed to the binding energies of
Mn 2p3/2 and Mn 2p1/2 with a spin energy separation of 11.8 eV
Fig. 3 SEM image (a) with low magnification, FE-SEM image (b) with
high magnification, and elemental mapping SEM images (c) of the Cu/
RGO/MnO2(6.0) fiber electrode.
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(above). The binding energy values agree well with those of the
reported MnO2, indicating that a large number of Mn(IV) ions
exist in the Cu/RGO/MnO2 ber electrode.41 In addition, its
mean manganese oxidation number is also calculated by using
the energy separation between the two peaks of the Mn 3s core
level spectrum (below). The peak energy separation value is
4.9 eV, and the average manganese oxidation number in the Cu/
RGO/MnO2(6.0) ber electrode is 3.7 on the basis of an approx-
imately linear relationship between the splitting width and the
Mn oxidation state is reported by the Brousse and Park
group.42,43

By using the Cu/RGO/MnO2(6.0) ber as the assembling unit,
the exible all-solid-state symmetrical Cu/RGO/MnO2(6.0) ber
supercapacitors are assembled, and their mechanical behaviour
and electrochemical capacitance are further investigated. The
assembled all-solid-state symmetrical Cu/RGO/MnO2(6.0) ber
supercapacitor still shows a good ber shape (Fig. 5a), and
a smooth surface is observed in the SEM image due to the
uniform coating of the electrolyte gel (Fig. 5b). The obtained
ber supercapacitor also maintains good exibility, in that it
can restore the original straight state aer the ber super-
capacitor is bent to 60� for 2 h (Fig. 5c). The electrochemical
properties of the exible all-solid-state symmetrical Cu/RGO/
MnO2(6.0) ber supercapacitor are further characterized by CV
and galvanostatic charge–discharge measurements. Although
the Cu wire hardly contributes capacitance compared to the Cu/
RGO and Cu/RGO/MnO2(6.0) ber supercapacitors (Fig. S4†), it
can be used as a current collector because of its good conduc-
tivity. The CV curves of the exible all-solid-state symmetrical
Cu/RGO/MnO2(6.0) ber supercapacitor remain a quasi-
rectangular shape at a scan rate of 50 mV s�1 and almost
Fig. 4 XPS spectra of the Cu/RGO/MnO2(6.0) fiber electrode: Mn 2p
(above) and Mn 3s (below), respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Photo (a), and SEM image (b), photo of fiber supercapacitor after bending status (c), CV curves (d) and charge–discharge curves (e) at
straight and bending status, and the cycle stability at a scan rate of 20 mV s�1 after 5000 consecutive cycles (f) of the assembled all-solid-state
symmetrical Cu/RGO/MnO2(6.0) fiber supercapacitor.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 9
:5

7:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
overlap before and aer bending to 60� for 2 h, indicating ideal
electrical double-layer capacitance behavior and fast charging–
discharging process characteristics (Fig. 5d).44 Moreover, its
galvanostatic charge–discharge curves maintain their typical
triangular shape when the exible all-solid-state symmetrical
Cu/RGO/MnO2(6.0) ber supercapacitor is deformed from the
straight to the bending state, further supporting that the
assembled all-solid-state symmetrical Cu/RGO/MnO2(6.0) ber
supercapacitor has high exibility and electrochemical stability
(Fig. 5e). In general, when a pseudocapacitive material such as
MnO2 or RuO2 is coated on the surface of a RGO ber, the RGO
ber exibility is signicantly reduced. In the present work, the
assembled all-solid-state symmetrical Cu/RGO/MnO2(6.0) ber
supercapacitor still possesses high exibility although larger
amounts of MnO2 are coated on the surface of the Cu/RGO ber.
The good exibility can be ascribed to two points; one is that the
Cu wire as a current collector contributes its exibility to the Cu/
RGO/MnO2(6.0) hybrid ber, and another is the close contact
between MnO2 and the Cu/RGO ber due to the regular inter-
connected MnO2 arrays on the surface of the Cu/RGO ber.
These experimental results also suggest that a suitable coating
amount of MnO2 on the surface of the Cu/RGO ber not only
maintains its exibility, but also improves its capacitance. In
addition, the exible all-solid-state symmetrical Cu/RGO/
MnO2(6.0) ber supercapacitor shows good cycle stability, and
88% of its initial capacitance remains aer 5000 consecutive
cycles at a scan rate of 20 mV s�1 (Fig. 5f). The CV curve aer
5000 cycles only shows a relatively slight uctuation compared
with the rst cycle, supporting the good stability of the device.

The GCD curves of the exible all-solid-state symmetrical Cu/
RGO/MnO2(6.0) ber supercapacitor at different current densi-
ties ranging from 0.1 to 0.5 mA cm�2 are shown in Fig. 6a. The
experimental results indicate that the exible all-solid-state
symmetrical Cu/RGO/MnO2(6.0) ber supercapacitor possesses
This journal is © The Royal Society of Chemistry 2017
good capacitive performance. At a current density of 0.1 mA
cm�2, its area specic capacitance is 140 mF cm�2 (Table S1†).
This value is signicantly better than those of a graphene ber
supercapacitor (3.3 mF cm�2 at a current density of 0.1 mA
cm�2)45 and the exible all-solid-state graphene/3D porous
network-like graphene ber supercapacitor (1.7 mF cm�2 at
a current density of 424.6 mA cm�2)46 due to the pseudocapaci-
tive characteristics of MnO2. Also it is much better than those of
previously reported RGO/MnO2 hybrid ber-based super-
capacitors, such as a d-MnO2/holey graphene hybrid ber
supercapacitor (16.7 mF cm�2 at a current density of 0.1 mA
cm�2),29 an all-solid-state exible supercapacitor based on
a MnO2/G/GF hybrid ber (9.6 mF cm�2),25 the stretchable wire-
shaped asymmetric supercapacitors based on pristine and
MnO2 coated carbon nanotube bers (33.75 mF cm�2 at a scan
rate of 5 mV s�1),47 and so on (Table S1†). The good area
capacitance can be attributed to the synergistic effect associated
with the regular inter-connected MnO2 arrays on the surface of
the Cu/RGO ber, the good conductivity of the Cu wire as
a current collector, and the close contact between MnO2 and the
Cu/RGO ber. Moreover, in comparison with the area specic
capacitance of RGO and the Cu/RGO ber supercapacitors at
various current densities from 0.1 mA cm�2 to 0.5 mA cm�2, the
area specic capacitance of the Cu/RGO/MnO2(6.0) ber super-
capacitor still remains as high as 68 mF cm�2 even at a current
density of 0.5 mA cm�2, which is almost four times of RGO and
the Cu/RGO ber supercapacitors (Fig. 6b) due to the pseudo-
capacitive characteristic of MnO2. Also the area specic capac-
itance of the Cu/RGO/MnO2(6.0) ber supercapacitor is barely
affected by the mechanical bending, and 97% of its initial
capacitance retains aer 500 bending cycles with a big angle of
120� (Fig. 6c), suggesting that the all-solid-state symmetrical
RGO/MnO2(6.0)//RGO/MnO2(6.0) ber supercapacitor has obvious
RSC Adv., 2017, 7, 10092–10099 | 10097
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Fig. 6 The specific capacitance at each evaluated current density (a), the capacitance retention at different current densities (b), a relation curve
between capacitance retention and bend number (c), lighting up a LED by weaving three fiber-shaped supercapacitors in series (d), and con-
nected with a battery as a electrical cable while the LED is lit (e) of the assembled all-solid-state symmetrical Cu/RGO/MnO2(6.0) fiber
supercapacitor.
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mechanical property and high area capacitance, good cycling
stability and exibility for practical applications.

By connecting three devices in series, the voltage window of
the device can be expanded to 2.4 V from 0.8 V for the single Cu/
RGO/MnO2(6.0) ber supercapacitor with similar discharge time.
Aer being fully charged, the device connected in series can be
used to power a light emitting diode (LED) lamp as shown in
Fig. 6d, demonstrating its potential application as an efficient
energy storage component for exible electronics. Moreover,
a light emitting diode (LED) lamp is also lit (Fig. 6e) when the
all-solid-state symmetrical Cu/RGO/MnO2(6.0) ber super-
capacitor is used as an electrical cable and connected to
a battery, suggesting that the assembled all-solid-state
symmetrical Cu/RGO/MnO2(6.0) ber supercapacitor can be
used as a electrical cable as well as its good energy storage
function.
4. Conclusions

Highly exible all-solid-state cable-type supercapacitors based
on Cu/RGO/MnO2 bers are successfully assembled by closely
placing two Cu/RGO/MnO2 bers in a parallel orientation and
using PVA–KOH gel electrolyte. It can serve as an energy storage
device as well as an electrical conduction cable. As an electrode
for the energy storage application, the Cu/RGO/MnO2 bers
exhibit excellent enhanced capacitive performance whilst
maintaining their exibility, and a larger area specic capaci-
tance of 140 mF cm�2 is obtained at a current density of 0.1 mA
cm�2 and a 97% capacitance retention is maintained aer 500
bending cycles with a big angle of 120�. Aside from its excellent
electrochemical performance, it can be used as an electrical
cable, and a LED lamp is also lit when it is connected to
a battery. These experimental results make the exible all-solid-
10098 | RSC Adv., 2017, 7, 10092–10099
state cable-type supercapacitors based on Cu/RGO/MnO2 bers
signicantly impactful on future energy storage applications.
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