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Abstract
Flexible and lightweight wire-shaped supercapacitors (WSSCs) have recently attracted increas-
ing interest, due to their versatility in the device design and application potentials in portable
or wearable electronics. However, practical applications of WSSCs are still limited by the
relatively poor performances, owing to the challenges in the rational modification of one-
dimensional (1D) substrates with sophisticated nanostructure. Herein, we demonstrate a WSSC
by virtue of material exploration and fabrication strategy. A 1D nanoarray electrode consisting
of CuO nonowires core and CoFe-layered double hydroxide (CoFe-LDH) nanoplatelets shell
supported on a copper wire is prepared with fine control over the structure/morphology, which
displays a largely improved specific capacitance, high rate capability and long cycling lifespans.
Based on this sophisticated core–shell nanostructure, a flexible all-solid-state asymmetric WSSC
was fabricated, which exhibits excellent supercapacitive performances with a high energy
density (1.857 mWh cm�3) and long-term cycling stability (99.5% device capacitance retention
over 2000 cycles).By virtue of the versatility of metal wire substrates, transition metal oxides
and LDHs materials, the synthesis strategy presented here can be extended to the fabrication of
other portable and flexible micro energy storage devices.
& 2016 Elsevier Ltd. All rights reserved.
015.12.030
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Introduction

With increasing demands for the next-generation portable
electronics such as roll-up displays, photovoltaic cells as
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Scheme 1 Schematic illustration for the fabrication of hier-
archical CuO@CoFe-LDH core–shell NWAs supported on the
copper wire.
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well as wearable devices, the development of flexible,
lightweight, and environmentally friendly energy storage
equipment has attracted considerable attention [1–4]. As
one type of the flexible energy storage devices, wire-shaped
supercapacitors (WSSCs) have become a research focus
recently, due to their freedom in the device design and
application potentials in wearable electronics [5–8]. Since
the first prototype of WSSC made from ZnO nanowires by
Wang and co-workers [9], various linear substrates (e.g.,
carbon materials [10,11], metal oxides [12,13] and con-
ducting polymers [14,15]) have been widely studied towards
WSSCs. However, practical applications of WSSCs are still
hindered by the relatively poor performance of the elec-
trode materials, such as low energy density and short
charge/discharge lifespans. As a result, further efforts are
still urgent to tackle these problems from the viewpoint of
electrode materials exploration and fabrication strategy.

One-dimensional (1D) nanowire arrays (NWAs) with core–
shell architecture have attracted considerable attention in
the energy storage due to the ingenious combination of an
efficient exposure of active sites and synergetic effect
between core and shell [16–20]. In the past decades, various
materials including carbons [21,22], metal oxides/hydro-
xides [23,24] and conducting polymers [25,26] have been
integrated into this kind of core–shell structures. For
instance, transition metal oxides/hydroxides grafted on
the surface of 1D carbon fibers [27] or CNTs [28] have been
reported with excellent performance in supercapacitors.
Moreover, 1D metal oxides/hydroxides serving as core to
induce the growth of electroactive species shell for
enhanced supercapacitive properties (e.g., Co3O4@NiO
[29], TiO2@PANI [30] NiCo2O4@Ni3S2 [31] core–shell arrays)
were also investigated. Although much progress has been
made, most of recent electrodes based on 1D core–shell
structure are constructed on conductive plane- or foam-like
substrates, which is not applicable to the advanced 1D
micro-devices. Therefore, how to achieve the rational
design and facile fabrication of wire-shaped micro-super-
capacitors with enhanced energy storage performance still
remains a challenge.

Layered double hydroxides (LDHs), which are composed
of positively-charged brucite-like host layers and charge-
compensating interlayer anions, have been used as promis-
ing candidates in electrochemical energy storage/conver-
sion owing to their tunable chemical composition, cost
effectiveness and environmentally friendly nature [32–35].
Herein, we present the design and fabrication of well-
aligned CuO@LDH core–shell NWAs on a gracile copper wire
substrate via a three-step procedure (Scheme 1): (1) the
synthesis of Cu(OH)2 NWAs on copper wire, (2) chemical
transformation of Cu(OH)2 to CuO NWAs by heat treatment,
followed by (3) a further electrosynthesis of LDH shell on
the surface of CuO NWAs. The as-obtained core–shell NWAs
consisting of CuO core and intercrossing LDH nanoplatelets
shell can be finely controlled over the shell thickness and
morphology, which display a largely improved specific
capacitance, higher rate capability and longer cycling
lifespans, much superior to those of pristine CuO and LDH
NWAs. Based on this core–shell nanostructure, a flexible
all-solid-state asymmetric WSSC is fabricated, which exhi-
bits a wide voltage range of 1.2 V, high areal energy
density of 93.75 μWh cm�2 (volumetric energy density of
1.857 mWh cm�3), as well as long term cyclability (over
99% device capacitance retention after 2000 cycles).

Experimental Section

Preparation of CuO nanowire arrays (NWAs)

The CuO nanowire arrays (NWAs) were prepared by using a
method reported previously [36]. Typically, a Cu wire with a
diameter of 0.3 mm (surface area: 0.0942 cm2 cm�1;
volume: 0.0007 cm3 cm�1) was pretreated with 2 M HCl
solution, absolute ethanol, acetone and deionized water
(each for 15 min), to ensure a clean surface. An alkaline
oxidative etchant solution (AOES) was prepared by dissol-
ving (NH4)2S2O8 (0.913 g) in deionized water (22 mL), fol-
lowed by dropwise addition of freshly prepared NaOH
solution (8 mL, 10 M) with vigorous stirring. After the AOES
cooled to room temperature, the copper wire was immersed
into the AOES. When the surface of copper wire changed to
light blue (�15 min), it was withdrawn from the solution,
thoroughly rinsed with deionized water and dried in air.
Subsequently, the sample underwent 2 h dehydration at
180 1C in air with a ramp rate of 2 1C min�1, and the color
eventually turned to dark brown.

Preparation of the CuO@CoFe-LDH core–shell NWAs

The CuO@CoFe-LDH core–shell NWAs were prepared using a
facile electrosynthesis method previously reported by our
group [37]. The Cu wire supported CuO NWAs was used as
the working electrode in an electrochemical cell with a
three-electrode configuration, by using Pt wire as the
counter electrode and a saturated calomel electrode (SCE)
as the reference electrode. The electrolyte for electrode-
position of CoFe-LDH was obtained by dissolving Co
(NO3)2 � 6H2O (0.15 M) and FeSO4 � 7H2O (0.15 M) in 50 mL
of distilled water. The potentiostatic deposition was carried
out at a potential of �1.0 V vs. SCE at room temperature
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(25 1C), and the synthesis time ranges in 0�200 s. The
resulting Cu wire supported CuO@CoFe-LDH NWAs was
withdrawn and rinsed with distilled water. The weight of
the active material was obtained by the mass difference
between the Cu wire supported CuO@CoFe-LDH NWAs and
pure Cu wire substrate.

Preparation of the solid electrolyte

Polyvinyl alcohol (PVA) (molecular weight: 75000�80000)
and KOH were used as received. The PVA-KOH solid electro-
lyte was prepared as follows: PVA (5.0 g) and KOH (5.0 g)
were dissolved in 50 mL of water with vigorous and con-
tinuous stirring for 5 h at 90 1C, to obtain a complete
dissolution and formation of a jell-like solution. The result-
ing gel was heated at 60 1C in a vacuum oven to evaporate
excess water. The resulting PVA/KOH polymer film was
stored in a polyethylene bag before use.

Fabrication of the Cu wire supported active carbon
(AC) electrode

The Cu wire supported AC electrode was fabricated by a
dip-coating method. Typically, activated carbon (0.6 g),
graphene oxide (0.2 g) and acetylene black (0.1 g) were
dispersed in 2 mL of ethanol, followed by addition of a
polytetrafluoroethylene (PTFE) solution (0.1 g, 20 wt%). The
mixture was treated by ultrasonic for 30 min. Subsequently,
a Cu wire (0.3 mm in diameter and 12 cm in length) was
immersed into the above solution for 10 min, and then was
withdrawn and dried by a nitrogen gas flow. The mass-
loading of the electrode material was controlled by repeat-
ing the above deposition process for several cycles. The
obtained Cu wire supported AC electrode was used as the
negative electrode for the all-solid-state WSSC.

Fabrication of CuO@CoFe-LDH-based WSSC

The CuO@CoFe-LDH//AC WSSC device was fabricated as
follows. Firstly, the positive electrode (Cu wire supported
CuO@CoFe-LDH) and the negative electrode (Cu wire sup-
ported AC) with the same length were immersed into the
PVA/KOH electrolyte for 3 min. After drying at 60 1C for
5 min in vacuum, the two electrodes were taken out and
twisted together at about 5 turns per inch in an S twist (left
turn). Subsequently, the twisted 2-ply wire was immersed
into the PVA/KOH solution for another 15 min. After drying
at 60 1C for 24 h in vacuum, the WSSC with a diameter of
0.2 cm and length of 10 cm was obtained.

Characterizations

X-ray diffraction patterns of the core–shell NWAs samples
were collected on a Shimadzu XRD-6000 diffractometer
using a Cu Kα source, with a scan step of 0.021 and a scan
range between 31 and 701. Raman measurements were
carried out with 633 nm of excitation by using a confocal
Raman microspectrometer (Renishaw, inVia-Reflex,
633 nm). FTIR spectra were recorded on a NICOLET
NEXUS470 Fourier transform infrared spectrometer. X-ray
photoelectron spectra (XPS) were performed on a Thermo
VG ESCALAB 250 X-ray photoelectron spectrometer at a
pressure of about 2� 10�9 Pa using Al Kα X-rays as the
excitation source. The morphology of the core–shell NWAs
was investigated using a scanning electron microscope (SEM;
Zeiss SUPRA 55) with an accelerating voltage of 20 kV,
combined with energy dispersive X-ray spectroscopy (EDX)
for the determination of metal composition. Transmission
electron microscopy (TEM) images were recorded with
Philips Tecnai 20 and JEOL JEM-2010 high-resolution trans-
mission electron microscopes. The accelerating voltage was
200 kV in each case.

Electrochemical performance measurements

Electrodes were tested on a CHI 660E electrochemical
workstation (Shanghai Chenhua Instrument Co., China) in a
three-electrode electrochemical cell using a 1 M KOH aqu-
eous solution as electrolyte at room temperature. The NWAs
on Cu wire were directly used as the working electrode. A Pt
wire and an Ag/AgCl electrode were used as the counter and
reference electrode, respectively. The distance between
the working electrode and the counter electrode was 2 cm.

The specific capacitance of the CuO@LDH samples was
calculated from the charge–discharge curves based on the
following equation:

C¼ I� Δt
m� ΔV

ð1Þ

where C is the specific capacitance; I (A) refers to the
discharge current; ΔV (V) represents the potential change
within the discharge time Δt (s), and m corresponds to the
total weight of the CuO@LDH NWAs.

The energy density and power density of the flexible
WSSC device were calculated using the following equations:

C¼ I� Δt
m� ΔV

ð2Þ

E ¼ C� ΔV2

2
ð3Þ

P ¼ E
Δt

ð4Þ

where C is the capacitance of the WSSC; I (A) represents the
discharge current; ΔV (V) refers to the potential change
within the discharge time Δt (s); m is the total volume of
the WSSC; E and P correspond to the volumetric energy
density and power density, respectively.

Results and discussion

As schematically illustrated in Scheme 1, the copper wire
supported hierarchical CuO@CoFe-LDH core–shell NWAs
was fabricated by a three-step procedure. Firstly, a
gracile copper wire (0.3 mm in diameter) was immersed
into an alkaline oxidative etchant solution (AOES) con-
taining (NH4)2S2O8 and NaOH to produce Cu(OH)2 NWAs at
room temperature for 15 min. Then the obtained Cu(OH)2
NWAs were heated at 180 1C in air for 2 h to give the well-
organized CuO NWAs template. Subsequently, CoFe-LDH
nanosheets grow uniformly on the CuO nanowire backbone
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by an electrodeposition method, giving rise to the hier-
archical CuO@LDH core–shell NWAs supported on Cu wire.
SEM images of the as-prepared Cu(OH)2 NWAs (Figure 1a
and b) reveal a high density of NWAs vertically achoring to
the surface of copper wire, with an uniform diameter in
the range 190�210 nm and length distribution of 5�6 mm.
A further thermal treatment results in the well-organized
CuO NWAs with similar morphology to Cu(OH)2 NWAs
precursor (Figure 1c). Finally, after coating with LDH
nanoflakes (�150 nm in lateral size and �12 nm in thick-
ness) by an electrosynthesis route (with an electrosynth-
esis time of 50 s), core�shell CuO@LDH NWAs with
intercrossing CoFe-LDH nanoplatelets shell perpendicu-
larly grafting to the CuO core were obtained (Figure 1d
and e). The weight of the active material (CuO@CoFe-LDH
NWAs) supported on the copper wire substrate is �0.08
mg cm�1, and the geographic surface area of the elec-
trode is �0.0942 cm2 cm�1 (diameter: 0.3 mm, close to
Figure 1 SEM images of (a, b) the copper wire coated with Cu(OH)
image of CuO@CoFe-LDH NWAs (inset: the corresponding HRTEM ima
LDH NWAs.
the Cu wire substrate). It is found that the electrosynth-
esis time (0�200 s) of LDH shell imposes a significant
influence on the shell thickness and morphology (Figure
S1): a prolonged time leads to a thicker and denser LDH
shell. The core–shell nanostructure is further confirmed by
TEM (Figure 1f), from which the core diameter of
�205 nm and shell thickness of �146 nm are identified
clearly. The d-spacing from high resolution TEM (HRTEM) is
�0.25 nm, corresponding to the LDH (0 1 2) plane [35], as
indicated by the lattice fringes (Figure 1f, inset). EDX
results with a line scanning (Figure 1g and h) and mapping
analysis (Figure 1i) show that copper is located in the
central part of the NWs while both cobalt and iron are
homogeneously distributed throughout the whole NWs. In
addition, elemental contents of Cu, Co, Fe and O of
CuO@LDH NWs are 18.16 %, 16.95 %, 8.62 % and 56.28 %,
respectively, which are measured by EDX spectra
(Figure S2).
2 NWAs, (c) CuO NWAs and (d, e) CuO@CoFe-LDH NWAs. (f) TEM
ge). (g, h) Line scan results and (i) EDX mapping of CuO@CoFe-



Figure 2 (a) XRD patterns of Cu wire substrate, Cu(OH)2 NWAs, CuO NWAs and CuO@CoFe-LDH NWAs, respectively. (b) Raman and
(c) XPS spectra for the pristine CuO and CuO@CoFe-LDH NWAs, respectively.
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Figure 2a show the XRD patterns of Cu wire substrate, Cu
(OH)2 NWAs, CuO NWAs and CuO@CoFe-LDH NWAs, respec-
tively. The Cu wire shows two strong reflections (2θ 43.31
and 50.41) indexed to the (111) and (200) plane of a cubic
metallic copper. For the Cu(OH)2 NWAs, diffraction peaks at
2θ 16.61, 23.71, 341, 35.81, 38.11, 39.71 and 53.31 are
clearly identified, corresponding to the (020), (021),
(002), (111), (022), (130), and (150) plane of an orthorhom-
bic Cu(OH)2. After heat treatment, the original peaks are
replaced by two neonatal ones at 35.51 and 38.81, which are
assigned to the (�111) and (111) planes of a monoclinic
CuO [36]. After coating with the LDH shell, the XRD pattern
of the resulting material displays a superimposition of a CuO
phase and LDH phase. The (003), (006), (012) and (110)
reflection at 2θ 11.71, 23.51, 34.81 and 59.71 for a typical
LDH material are observed, indicating a high crystallinity
[35]. The chemical composition and structure of CuO@CoFe-
LDH core–shell NWAs are further studied by Raman spectra,
FT-IR, and XPS technique. Raman spectrum of CuO@CoFe-
LDH (Figure 2b) shows three peaks at 295.1, 342.5 and
633.8 cm�1, corresponding to the Ag (296 cm�1), Bg

(1)

(346 cm�1), and Bg
(2) (636 cm�1) mode of CuO backbone,

respectively [38]; the peak at 456 cm�1 and 523 cm�1 are
attributed to the stretching of OH–O bond between carbo-
nate ion and water molecule in the interlayer region of
CoFe-LDH [28]. FT-IR spectrum of CuO@CoFe-LDH NWAs
(Figure S3) displays a new band at 1468 cm�1 compared
with the CuO substrate, which is assigned to the ν3 mode of
interlayer carbonate species for LDH [35]. Moreover, surface
elemental analysis was carried out by XPS over the CuO and
CuO@CoFe-LDH NWAs sample. The full XPS spectrum of
CuO@CoFe-LDH NWAs reveals signals of Cu, Co, Fe, O and C
element; while Co and Fe 2p peak is absent in pristine CuO
NWAs (Figure 2c). Figure S4 further shows the Co 2p, Fe 2p
and Cu 2p core level spectra of the as-synthesized CuO@-
CoFe-LDH NWAs sample. The Co 2p3/2 spectrum displays a
complex structure broadened by multiplet splitting effect
(Figure S4a), whose binding energy can be decomposed to
782.3 and 780.1 eV, indicating the presence of both Co2+

and Co3+ oxidation state in the CuO@CoFe-LDH sample [39].
The binding energies of Fe 2p3/2 (711.0 eV) and Fe 2p1/2
(724.9 eV) are observed (Figure S4b), corresponding to the
Fe(III) oxidation state [37]. In the case of Cu 2p (Figure S4c),
the binding energies of Cu 2p3/2 and Cu 2p1/2 are respec-
tively located at 934.5 and 954.9 eV for pristine CuO NWAs
sample, with a spin energy separation of 20.4 eV, in good
agreement with the reported data of Cu 2p state in CuO
NWAs [40]. After the electrodeposition of CoFe-LDH shell,
both the Cu 2p3/2 and Cu 2p1/2 peak shift to a higher energy
level (934.8 and 955.2 eV, respectively), along with a sharp
decrease in the intensity, suggesting an interaction between
CuO core and CoFe-LDH shell.

The electrochemical tests were performed in a three-
electrode cell at room temperature with a Pt wire counter
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electrode and an Ag/AgCl reference electrode in 1.0 M KOH
aqueous electrolyte (Figure 3a). Figure 3b shows the cyclic
voltammograms (CVs) of pristine CuO NWAs, CoFe-LDH
nanoarrays (NAs; Figure S5), and CuO@CoFe-LDH NWAs (with
an electrosynthesis time of 50 s) at a scan rate of 50 mV s�1.
For CuO NWAs, the reduction peaks at 0.35 V and 0.21 V are
attributed to the conversion of Cu(III) to Cu(II) and Cu(II) to
Cu(I), respectively (orange curve in Figure 3b) [41]. In
contrast, the pristine CoFe-LDH NAs sample consists of two
pairs of redox peaks at �0.25 and �0.35 V (dark cyan curve
in Figure 3b), corresponding to Co2+/Co3+ and Co3+/Co4+

associated with OH�, respectively [39]. In the case of
CuO@CoFe-LDH NWAs sample (violet curve in Figure 3b),
the integral area of CV curve increases obviously, indicating a
largely enhanced capacitance. Figure 3c shows the galvano-
static (GV) charge/discharge characteristics of CuO NWAs,
CoFe-LDH NAs, and CuO@CoFe-LDH NWAs (current density:
2.5 mA cm�2; potential range: 0�0.45 V), respectively. The
charge/discharge characteristics of all these samples exhibit
a typical pseudo-capacitive behavior, consistent with the
results of CVs. The corresponding specific capacitance are
calculated to be 694, 755, and 866 mF cm�2 for the CuO
NWAs, CoFe-LDH NAs, and CuO@CoFe-LDH NWAs,
Figure 3 (a) Photographs of the three-electrode electrochemical
charge/discharge curves and (d) current density dependence of t
CuO@CoFe-LDH sample. (e) Nyquist plots of EIS and (f) cycling per
sample.
respectively, demonstrating the highest specific capacitance
for the CuO@CoFe-LDH sample. It is worth mention that the
electrosynthesis time of LDH shell imposes a significant
influence on the supercapacitive performances of CuO@-
CoFe-LDH samples. The specific capacitance for the core–
shell electrode increases along with the elongated deposition
time of LDH and reaches a maximum for the CuO@CoFe-LDH-
50 s (866 mF cm�2), indicating a largely enhanced capaci-
tance. However, the capacitance decreases to 792 mF cm�2

for CuO@CoFe-LDH-100 s, which demonstrates that an excess
of LDH incorporation leads to a depressed electrochemical
activity (Figure S6). This can be explained that an over-dense
packing of LDH shell on CuO core gives less exposure of active
sites, which thereby diminishes the faradic reactions and
hinders the charge transfer.

Rate capability is a key factor for evaluating the power
applications of supercapacitors, which is determined by
using the GV technique at different charge/discharge
current densities (Figure S7). The specific capacitances of
the three samples derived from the discharging curves at
various charge/discharge current densities are shown in
Figure 3d. Within the whole current density range, the
CuO@CoFe-LDH yields a substantially higher specific
cell. (b) Cyclic voltammetry (CV) curves, (c) galvanostatic (GV)
he specific capacitance for the pristine CuO, CoFe-LDH, and
formance for the pristine CuO, CoFe-LDH, and CuO@CoFe-LDH
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capacitance than that of the other two samples. At a high
current density of 20 mA cm�2, the specific capacitance of
pristine CuO NWAs and CoFe-LDH sample maintains 69.5%
and 70.6%, respectively. In the case of CuO@CoFe-LDH
sample however, 82.1% of the capacitance is still retained.
The enhanced electrochemical performance of CuO@CoFe-
LDH NWAs was further confirmed by the electrochemical
impedance spectroscopy (EIS) measurements. Figure 3e
shows the Nyquist plots of EIS spectra for CuO NWAs,
CoFe-LDH NAs, and CuO@CoFe-LDH NWAs. All of the curves
consist of a semicircle in high frequency region and a
straight line in low frequency region. The semicircle dia-
meter reflects the charge transfer resistance, while the
slope of straight line indicates the ion diffusion resistance
Figure 4 (a) Schematic representation of the flexible asymmetric
LDH, active carbon electrode, and PVA/KOH electrolyte (the inset s
(c) GV charge/discharge curves and (d) current density dependence
scan rates. (e) Ragone plots of the WSSC.
[42]. The CuO@LDH NWAs exhibit a smaller semicircle
diameter and larger slope than those of CuO NWAs and
CoFe-LDH NAs, which indicates a faster electron transport
kinetics and ion diffusion rate at the electrode/electrolyte
interface. It is reported that the redox reaction of LDHs
involves the reversible uptake and release of OH� from the
solution associated with electron transfer from/to the
current collector [39,43]. The hierarchical structure of
LDH shell facilitates the effective exposure of surface active
sites for this Faradic redox reaction and thus benefits the
interfacial charge transportation process. Cycling capability
is an important requirement for supercapacitor applica-
tions, which was carried out over CuO@CoFe-LDH electrode
for 1000 cycles by using GV charge/discharge technique
wire shaped all-solid-state supercapacitor based on CuO@CoFe-
hows the photograph of the as-prepared WSSC). (b) CV curves,
of the specific capacitance for the wire-shaped device at various
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(Figure 3f; current density: 10 mA cm�2; potential window:
0�0.45 V). The specific capacitance of CuO@CoFe-LDH
maintains 96.2% after 1000 cycles, much superior to the
pritine CuO (89.1% retention) and CoFe-LDH sample (91.6%
retention). The long-term electrochemical stability of
CuO@CoFe-LDH electrode is demonstrated by the very
stable charge/discharge curves for the last 20 cycles
(Figure S8).

WSSCs are promising for the next generation of micro-
electronic devices owing to their merits of tiny volume, high
flexibility and wearability. In order to demonstrate the
potential of CuO@CoFe-LDH grafted on copper wire elec-
trode for the WSSC application, a wire-shaped asymmetric
all-solid-state micro-supercapacitor was fabricated by using
Figure 5 (a) CV curves of the asymmetric supercapacitor with the i
the WSSC in series. (c) galvanostatic charge/discharge curves and (d
at different angles. (e) Cycling performance of the wire-shaped devi
single WSSC unit connected in series to light a red light-emitting-d
CuO@LDH NWAs as the positive electrode, a Cu wire
supported active carbon (AC) as the negative electrode
and poly(vinyl alcohol) (PVA)/KOH as the solid electrolyte.
As for the negative electrode, numerous interconnected
active carbon nanoparticles are uniformly coated on the
surface of Cu wire, and the diameter of the whole negative
electrode is �0.35 mm (Figure S9). The configuration of the
all-solid-state flexible WSSC described herein is schemati-
cally shown in Figure 4a. Its SEM image reveals that the two
intertwisted electrodes are fully surrounded by the PVA/
KOH solid electrolyte (Figure S10), which guarantees neces-
sary medium conditions toward redox reactions. The whole
surface area of the fabricated WSSCs is 6.28 cm2 and the
volume of the whole cell is 0.314 cm3. Figure 4b displays the
ncrease of potential window. (b) GV charge/discharge curves for
) the corresponding capacitance retention of the WSSC bending
ce at a current density of 0.5 A cm�3 for 2000 cycles (inset: four
iode).
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CV curves of the asymmetric WSSC measured at the scan
rate 5�50 mV s�1 between 0 and 1.2 V. The obtained fiber-
shaped all-solid-state device exhibits a pair of redox peaks,
indicating a typical pseudo-capacitive behavior. The specific
capacitance of the WSSC as a function of current density is
further calculated based on the galvanostatic charge–dis-
charge curves (Figure 4c and d), from which a retention of
81.2% is obtained (from 9.38 F cm�3 at 0.25 A cm�3 to
7.62 F cm�3 at 1.5 A cm�3). The energy and power density,
resulting from GV curves and plotted on the Ragone diagram
(Figure 4e), further evaluate the energy efficiency of this
wire-shaped device. Impressively, a maximum energy den-
sity of 93.75 μWh cm�2 (1.857 mWh cm�3) and power den-
sity of 45720 μW cm�2 (914.5 mW cm�3) are achieved at an
operating voltage of 1.2 V, superior to previously reported
WSSCs systems such as RGO//CNT@CMC YSCs [44], ZnO
nanowires//MnO2 [9] and Co9S8 nanorod//Co3O4@RuO2

[45] (see Table S1 for the detailed comparison).
From the viewpoint of practical applications, soft and

portable electronics require highly flexible power sources
working at various operation voltages and powers. Figure 5a
shows a series of CV measurements of the wire shaped
asymmetric devices at different cell voltages varying from
0.0–0.4 V to 0.0–1.2 V. It is observed that the Faradic
reaction occurs more sufficiently (the larger integrated CV
area) with the increase of operating potential to 1.2 V.
Moreover, we further made serial connection to control over
the operating voltage and current. Within the same dis-
charge time, the operating voltage can be elevated from
1.2 V for a single WSSC to 2.4 V and 3.6 V by connecting two
and three WSSCs in series, respectively (Figure 5b). The
effect of curvature on this CuO@CoFe-LDH-based WSSC
performance was examined by testing the galvanostatic
charge/discharge behavior at five different bending angles
(from 01 to 1801). As shown in Figure 5c, no apparent change
in the charge/discharge curves is observed (�93.5% capa-
citance is maintained with a bending angle of 1801 based on
the discharge curves; Figure 5d), revealing a satisfactory
electrochemical performance of the WSSC even under the
bending conditions. Furthermore, Figure 5e displays the
long-term cycle stability by GV charge/discharge at a
current density of 0.5 A cm�3, which shows a capacitance
retention of 99.5% over 2000 cycles. To further test this
asymmetric WSSC, four single units are connected in series
to light a red light-emitting-diode (Figure 5e, inset) for
10 min, demonstrating its suitability as a flexible micro
energy storage device for practical applications.
Conclusion

In summary, well-aligned CuO@CoFe-LDH core–shell NWAs
have been successfully synthesized by the electrodeposition
of CoFe-LDH nanoplatelets on the surface of CuO nanowires.
Benefiting from the hierarchical core–shell nanostructure
and the efficient pseudocapacitance properties of CuO and
CoFe-LDH, the as-fabricated asymmetrical all-solid-state
WSSC device exhibits a high energy density (1.857 mWh
cm�3 for volumetric energy density) and excellent cycling
stability (99.5% device capacitance retention over 2000
cycles). By virtue of the versatility of metal wire substrates,
transition metal oxides and LDHs, the synthesis strategy
presented here can be extended to the fabrication of other
portable and flexible micro energy storage devices.
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