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ting approach to nanostructured
copper oxide-painted conductive woven textile as
binder-free electrode for improved energy storage
performance in redox-additive electrolyte†

Sung Min Cha, Goli Nagaraju, S. Chandra Sekhar and Jae Su Yu*

Hierarchical copper oxide (CuO) nanostructures (NSs) with caterpillar-like morphologies were facilely

integrated onto a highly flexible conductive woven textile substrate (CWTs) by a drop-casting approach.

Initially, the CuO NSs were synthesized via a simple and green wet-chemical method in 30 min and the

obtained colloidal solution of CuO was easily dropped onto well-cleaned CWTs. By virtue of their

interesting structural features, the caterpillar-like CuO NSs on CWTs were employed as binder-free

electrodes for supercapacitors and their electrochemical properties were investigated in 1 M KOH

solution. Additionally, a small portion of redox-additive potassium ferricyanide (K3Fe(CN)6) was added to

the 1 M KOH solution, which led to efficient enhancement of energy storage performance with superior

cycling stability for the caterpillar-like CuO NSs on CWTs. Furthermore, the fabricated asymmetric

supercapacitor (SC) with CuO NSs on CWTs and activated carbon with an operating potential window of

1.5 V simultaneously exhibited excellent energy density and power density values. Such a simple and

low-cost approach to easily construct metal oxide nanomaterials on flexible textiles with redox-additive

electrolyte may be useful for several potential applications in high-performance energy storage devices.
Introduction

Recent advances in the development of exible, lightweight and
wearable energy storage devices are widely anticipated to bring
about a new class of portable electronics.1–4 Various electronic
devices, such as smartphones, digital cameras, pressure
sensors, ash equipment, and memory backup systems, have
been largely reliant on lithium (Li)-ion batteries and super-
capacitors as energy storage devices.5–9 Much attention has been
focused on designing exible and textile-based energy storage
devices for E-textiles/wearable electronics.10–12 Supercapacitors
(SCs) are expected to overcome the limitations of Li-ion
batteries.13,14 SCs have advantages of faster charge/discharge
time, safer operation, and greater power enhancement, with
longer cyclic life span and higher energy storage than conven-
tional capacitors.15–17 However, SC energy density is still less
satisfactory than that of rechargeable batteries, which has
further restricted applications in several elds.18,19 Conse-
quently, enhancement of energy density without sacricing
power density is important for SCs.20 This can be achieved
ering, Institute for Wearable Convergence
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only by increasing operating potential window and specic
capacitance.

The potential window can be increased by using ionic or
organic electrolytes in SCs. However, these kinds of electrolytes
have drawbacks such as low ionic conductivity, environmentally
unfriendly nature, and high cost.21,22 Improvement in energy
density is also expected via the assembly of asymmetric SCs
using pseudocapacitive faradaic materials (e.g., transition metal
oxides) as a positive electrode and electric double-layer capaci-
tive materials (e.g., activated carbon, reduced graphene oxide)
as a negative electrode, which can combine high power density
in SCs and high energy density in Li-ion batteries.23,24 Asym-
metric SCs are allowed to work in different potential windows to
maximize operating potential by exhibiting consistent energy
density and power density values, unlike symmetric SCs.25–27 At
present, applications of reported pseudocapacitive faradaic
materials, current collectors and electrolytes still have several
drawbacks, including intrinsically poor electrical conductivity,
high cost and short life span.28–30 Hence, making an attempt to
magnify the energy storage performance of SCs by introducing
low-cost materials and methods is desirable.31

Of various transition metal oxides, copper oxide (CuO) has
received considerable attention for applications in gas sensors,
photodetectors, solar cells and energy storage devices because
of its abundance, low toxicity and cost-effectiveness.32–36 In the
context of electroactive materials, CuO can be expected to
This journal is © The Royal Society of Chemistry 2017
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achieve reliable electrochemical properties in SCs. CuO with
versatile morphologies, such as nanowires, nanospheres,
nanosheets, and nanoowers, was successfully synthesized
using several growth methods and their electrochemical prop-
erties for SCs have been explored.31,36,37 In particular, three-
dimensional (3D) CuO nanoarchitectures with large surface
area provide more active sites for rapid charge transfer, due to
easy access of electrolyte ions to inner parts for improved energy
storage performance.38,39 To utilize the maximum portion of
electroactive materials for enhancing faradaic redox chemistry
properties such as oxidation–reduction, intercalation–de-inter-
calation and chemisorption, it is important to grow the nano-
structured materials directly on current collectors without
mixing polymer binders.13 Accordingly, research interest has
been focused on the direct growth of CuO nanostructures (NSs)
on various electrodes for higher specic capacities with excel-
lent cycling stability.40–42

The inclusion of small amounts of redox additives or redox
shuttle systems to aqueous electrolyte is also considered to be
a productive approach to further extend the faradaic redox
reactions in electroactive materials for better electrochemical
properties.43,44 For example, Qian et al. introduced a redox-active
polysulde electrolyte with conventional sodium hydroxide
electrolyte for enhanced energy storage properties in CuS-based
electroactive materials.45 Su et al. reported Co–Al layered,
double hydroxide-based active material with improved specic
capacitance by addition of K3Fe(CN)6/K4Fe(CN)6 redox couples
to aqueous electrolyte solution.46 Singh et al. also used potas-
sium iodide as the redox additive in lithium sulfate electrolyte
for metal oxide-based SCs with enhanced performance.47

Furthermore, Wu et al. demonstrated that the specic capaci-
tance of activated carbon was increased by using p-phenyl-
enediamine in the conventional potassium hydroxide (KOH)
electrolyte.48 It is clear that adding redox couple additives to
aqueous electrolytes is a promising approach for enhancing SC
energy storage abilities.

Considering the previous points, we have successfully
synthesized nanosized caterpillar-like CuO NSs via a facile,
rapid and green wet-chemical approach. The obtained colloidal
CuO solution was then drop-casted on a conductive woven
textile substrate (CWTs) without using polymer binders. The
electrochemical performance of the binder-free pseudocapaci-
tive electrode was examined in both aqueous KOH and redox-
additive electrolytes. Finally, asymmetric SCs were also fabri-
cated and their energy storage properties studied.

Experimental details
Chemicals

For the synthesis, all purchased chemicals and reagents were of
analytical grade and used as received without further purica-
tion. Copper(II) acetate monohydrate (Cu(CO2CH3)2$H2O),
hexamethylenetetramine (HMTA, C6H12N4) and potassium
ferricyanide (K3Fe(CN)6) were purchased from the Sigma-
Aldrich Corp. (South Korea). KOH was purchased from DaeJung
Chemicals Ltd. (South Korea). De-ionized (DI) water was used
throughout the experiment.
This journal is © The Royal Society of Chemistry 2017
Synthesis of caterpillar-like CuO NSs

Caterpillar-like CuO NSs were synthesized using a simple,
green, low-temperature and wet-chemical approach (Scheme 1).
In a typical synthesis, 10 mM Cu(CO2CH3)2$H2O was dissolved
in a glass beaker containing 900 ml of DI water at room
temperature (RT). The beaker was then covered with a poly-
ethylene cap and the solution was slowly heated to 80 �C using
a hotplate. Aer the copper salt solution had reached 80 �C,
twice the amount of HMTA (20 mM) was slowly added under
constant magnetic stirring. As HMTA was added to the copper
salt solution, the growth solution color gradually changed from
blue to brownish. The total reaction time to induce nucleation
and growth was about 30 min, and the solution was allowed to
cool down to RT naturally. Ultimately, the supernatant liquid
was separated from the beaker aer 1 h and the turbid brownish
color solution that contained the CuO sample was collected into
a centrifuge tube for the drop-casting process. Meanwhile,
commercially available and well-cleaned 0.5 � 2.5 cm2 CWTs
were prepared and placed on the hotplate at 140 �C. Next, the
CuO solution was drop-casted on CWTs (active material area of
0.5 � 2 cm2) and dried completely to remove moisture. As
a result, the CuO NSs strongly adhered to the surface of the
CWTs. The mass loading of the caterpillar-like CuO NSs on
CWTs was about 1.0 � 0.02 mg cm�2. To investigate the phys-
icochemical properties of the as-prepared CuO, the powder
sample was ltered, washed with ethanol and DI water, and
followed by drying at 60 �C for 6 h.
Characterization

Morphological properties of the caterpillar-like CuO NSs were
investigated by using a eld-emission scanning electron
microscope (FE-SEM, Carl Zeiss, LEOSUPRA 55, Reutlingen,
Germany) and transmission electron microscope (TEM, JEM
200CX, JEOL, Tokyo, Japan) equipped with energy-dispersive, X-
ray spectroscopy (EDX). Crystallinity of the prepared material
was veried on a Mac Science (M18XHF-SRA) X-ray powder
diffractometer with Cu Ka radiation (l¼ 1.54178 Å). The Raman
analysis was carried out by using a high-resolution Raman
spectrophotometer (HR-Raman Spectrometer, inVia) from 700
to 200 cm�1 at RT. Chemical compositions and oxidation states
of the prepared sample were analyzed by X-ray photoelectron
spectroscopy (XPS; ThermoMulti-Lab 2000 System). The surface
area and pore size diameter of the sample were evaluated by
BET analysis (BELSORP-max (MP)).
Electrochemical measurements

Electrochemical measurements were carried out in a three-
electrode-cell system with an Ag/AgCl reference electrode, a Pt
wire as counter electrode and the caterpillar-like CuO NSs-
painted CWTs as a working electrode in the pristine KOH
electrolyte (1 M) and redox-additive electrolyte (1 M KOH + 0.01
M K3Fe(CN)6) solutions at RT. All electrochemical properties
including cyclic voltammetry (CV), galvanic charge–discharge
(GCD) and electrochemical impedance spectroscopy (EIS)
analyses were performed with an IviumStat electrochemical
J. Mater. Chem. A, 2017, 5, 2224–2234 | 2225
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Scheme 1 Preparation process for caterpillar-like CuO NSs using a facile wet-chemical approach.

Fig. 1 (a) XRD pattern and (b) Rietveld refinement for synthesized
caterpillar-like CuO NSs. Inset in (a) shows crystal structure of CuO.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

8:
48

:1
4 

PM
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
workstation (Ivium Technologies, The Netherlands). For prac-
tical applications, the full cell was assembled using the cater-
pillar-like CuO NSs-adhered CWTs as a positive electrode and
the activated carbon coated on carbon fabric (AC on CF) as
a negative electrode, with a piece of cellulose paper as a sepa-
rator in the redox-additive electrolyte. The detailed process for
the preparation of AC on CF is included in the (ESI,† Section 1).
Areal capacitance (Cac, mF cm�2) of the active material-coated
electrodes is calculated using the following formula:12,49

Cac ¼ 1� Dt

a� DV
(1)

where I, Dt, a, and DV are the applied current (A), discharge time
(s), area of the electrode (cm2) and potential window (V),
respectively.

Results and discussion

XRD analysis was rst performed to study the crystalline phase
and structure of the prepared CuO NSs, as shown in Fig. 1(a)
and (b). CuO exhibited obvious diffractions at two theta (2q)
degrees of 32.51, 35.55, 38.72, 48.75, 53.40, 58.31, 61.56, 66.22,
68.13, 72.41, and 75.22�, corresponding to the crystal planes of
(110), (�111), (111), (�202), (020), (202), (�113), (�311), (220), (311),
and (�222), respectively, as seen in Fig. 1(a). All these peaks were
perfectly indexed to the pure monoclinic CuO phase (JCPDS
card no. 05-0661) without impurities.50 The XRD pattern was
also well tted by the Rietveld renement analysis with space
group C2/c (15), as shown in Fig. 1(b). Rietveld renement
results for the CuO NSs are presented in Table S1.† Unit cell
parameters obtained are as follows: a¼ 4.685 Å, b¼ 3.417 Å, c¼
5.141 Å and V ¼ 81.187 Å. The crystal structure of thermody-
namically stable CuO was drawn using Diamond soware (see
the inset of Fig. 1(a)). Atomic coordinates and structural
parameters obtained from the renement (Table S1†) were used
to draw the crystal structure. The CuO crystal structure is
formed by crossing bonds of CuO4, as shown in Fig. 1(a). The
rened crystal structure shows the rectangular parallelogram
around Cu atom formed by four coplanar O atoms, and a poly-
hedron around the O atom formed by four Cu atoms at the
corners of a distorted tetrahedron.

Detailed morphological properties of the as-prepared CuO
were investigated by TEM analysis, shown in Fig. 2. To prepare
2226 | J. Mater. Chem. A, 2017, 5, 2224–2234
the sample for TEM, a small quantity of CuO powder was
dispersed in ethanol by sonication for 10 min. The ethanolic
solution containing CuO was then dropped onto the TEM grid
and dried in air for a few minutes before loading into the TEM
chamber. As displayed in the low-magnication TEM image of
Fig. 2(a), the CuO NSs exhibited ellipsoidal body-shaped archi-
tectures with a size of �80–100 nm and 140–160 nm in width
and length, respectively. Each of these CuO NSs was bounded by
several nanohairs and appeared like 3D nanoarchitectures, as
shown in Fig. 2(b). The appearance of these NSs was similar to
a natural caterpillar (inset of Fig. 2(a)). Also, the appearance of
white spots in the magnied TEM image (Fig. 2(b)) of the
caterpillar-like CuO NSs demonstrates porosity. Such porous
nature of the electroactive material is favorable for efficient
electrochemical reactions with an electrolyte solution to
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a and b) TEM images of caterpillar-like CuONSs. (c and d) HR-TEM image and SAED pattern of magnified part in (c). (g–f) EDX pattern and
elemental mapping images of the corresponding sample.
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improve energy storage performance. From the high-resolution
TEM (HR-TEM) image (marked with a yellow circle), the lattice
fringe width spacing of 0.23 nm corresponds to the (111) crystal
plane of CuO, as shown in Fig. 2(c). In fact, this (111) plane was
found to be the most intense peak in the XRD spectrum as well.
As seen in the selected area electron diffraction (SAED) pattern,
several ring-pattern spots are well indexed to the monoclinic
CuO phase. Meanwhile, the EDX spectrum (Fig. 2(e)) and its
corresponding elemental mapping images of the prepared
sample (Fig. 2(f) and (g)) indicate that the caterpillar-like CuO
NSs were mainly composed of Cu (red) and O (green) elements
without impurities.

The typical Raman spectrum of caterpillar-like CuO is also
presented in Fig. 3(a) to conrm its formation. An examination
of this spectrum clearly shows the three well-known peaks,
related to the pure CuO, and this is similar to the earlier reports
on CuO-based nanomaterials. The three Raman peaks were
observed at 278 cm�1 corresponding to the Ag band and at 327
and 610 cm�1 related to the 2Bg bands. XPS analysis was also
performed to further investigate the surface oxidation states
and elemental compositions of Cu and O elements in the
caterpillar-like CuO NSs (Fig. 3(b–d)). A complete view of the
surface elemental compositions of the caterpillar-like CuO NSs
shown in the survey scan spectrum of Fig. 3(b) clearly demon-
strates that the material is composed of Cu and O elements
only; no impurities were found on the CuO surface. The C 1s
peak at around 284.6 eV was used as a reference to monitor
binding energies of the sample. As seen in the high-resolution
survey scan spectrum of Cu 2p (Fig. 3(c)), two major peaks
located at 933.6 and 953.2 eV, with two adjacent shakeup
satellite peaks, were related to the Cu 2p3/2 and Cu 2p1/2 core
levels. The presence of these spin–orbit doublets at the corre-
sponding binding energy values clearly indicates that the
oxidation state of Cu species in CuO is +2. Meanwhile, the core-
level spectrum of O 1s displays that the spectrum can be
This journal is © The Royal Society of Chemistry 2017
resolved into two peaks. As shown in Fig. 3(d), the observed
peaks at the binding energy value of 529.3 eV are related to the
lattice oxygen and another peak located at 531.6 eV corresponds
to the oxygen absorbed on the sample surface.51 These results
further conrmed that the synthesized sample was of high
purity. Fig. S2† represents the N2 adsorption–desorption
isotherms and the pore size distribution curves of the cater-
pillar-like CuO NSs. Herein, the specic surface area of the CuO
NSs was measured using the BET (Brunauer–Emmett–Teller)
method and the pore size diameter was measured from the pore
volume distribution curve (inset of Fig. S2†) using the BJH
(Barrett–Joyner–Halenda) method. From Fig. S2,† it is evident
that the caterpillar-like CuO NSs show a typical type IV isotherm
of the IUPAC classication hysteresis loop, indicating a meso-
porous nature of the prepared material. The resulting BET
surface area for the caterpillar-like CuO NSs was about 70.3 m2

g�1. Moreover, the average pore diameter and total pore volume
on the basis of BJH curve were found to be 8.4 nm and 0.15 cm3

g�1, respectively. Such proper pore size will ensure penetrable
mesochannels for the passage of electrolyte ions, resulting in
increased ion diffusion kinetics. Meanwhile, the higher surface
area and pore volume will also play a key role in providing
shorter paths for ion diffusion, leading to more electroactive
sites for rapid electrochemical reactions.39

The fabrication process for caterpillar-like CuONSs on CWTs
by a facile and green drop-casting approach is schematically
illustrated in Fig. 4. The CWTs used in this work consisted of
orderly weaved conductive bers and each ber was layered
with highly conductive gold (Au) and nickel (Ni) lms on poly-
ethylene terephthalate (PET) ber, as shown in Fig. 4(a)(i–iii).
The multi-layering of Au and Ni on PET bers offers lower
resistance (0.03–0.05 U sq.�1) to the CWTs. Such a highly
conductive feature of the CWTs is useful for the current
collector in a supercapacitor, to rapidly transport electrons. In
addition, the CWTs not only showed lower resistance but also
J. Mater. Chem. A, 2017, 5, 2224–2234 | 2227
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Fig. 3 (a) Raman spectrum and (b–d) XPS analyses of caterpillar-like CuO NSs.

Fig. 4 (a) Schematic diagram of CWTs and (b) drop-casting of CuO colloidal solution on CWTs using pipette. (c–e) FE-SEM images of caterpillar-
like CuO NSs-painted CWTs. Inset in (d) shows photograph of CuO NSs-coated CWTs.
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exhibited a relatively high exibility and foldability (see photo-
graphs in Fig. S1†). Aer cleaning with ethanol and DI water,
the CWTs were dried with nitrogen gas. Well-cleaned 0.5 � 2.5
cm2 CWTs were placed on the 140 �C hotplate. Next, a homo-
geneously distributed turbid CuO solution in a centrifuge tube
(i.e., the brownish-black colored precipitate obtained aer
2228 | J. Mater. Chem. A, 2017, 5, 2224–2234
decanting the supernatant from a sedimented solution in
a growth beaker) was dropped with a pipette onto the surfaces
of the CWTs via the drop-casting method, as shown in
Fig. 4(b)(i–iii). The dropped solution was allowed to dry for 15
min to completely remove the moisture. The weight of sample
mass on the CWTs before and aer coating with CuO was about
This journal is © The Royal Society of Chemistry 2017
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1.0 � 0.02 mg cm�2. The surface morphology and the adhesion
property of the CuO NSs on CWTs were characterized by FE-SEM
observations. As shown in the low-magnication FE-SEM image
in Fig. 4(c), the sample was uniformly coated on the entire
surface of CWTs without cracks or gaps. Increased magnica-
tion clearly shows in Fig. 4(d) that CWTs bers were abundantly
covered with CuO, even in interstitial areas with strong adhe-
sion. The inset of Fig. 4(d) displays the photographic image of
the CuO NSs-painted CWTs. From the high-magnication FE-
SEM image in Fig. 4(e), the caterpillar-like CuO NSs were
densely gathered together and several inner pores were
observed, which is helpful for accelerating ion transfer between
the electrolyte and active materials.

The electrochemical behavior of the caterpillar-like CuO NSs-
painted CWTs was investigated in a three-electrode cell system
using 1 M KOH as the electrolyte at RT. Fig. 5(a) shows the
comparative CV curves of the pristine CWTs and caterpillar-like
CuO NSs coated on CWTs electrodes at a constant scan rate of
30 mV s�1 in the potential range of 0–0.5 V. Based on the CV
curves, bare CWTs in 1 M KOH electrolyte displayed the lowest
current response, indicating that they contribute little to total
capacitance. Meanwhile, the CuO NSs on the CWTs electrode
exhibited a couple of strong redox peaks due to reversible
reactions between Cu2+ to Cu+ and Cu+ to Cu2+ in electrolyte
solution, demonstrating the pseudocapacitive behavior of the
electroactive material. Moreover, the CV proles of the CuO NSs
on CWTs electrode under different scan rates (ranging 5–80 mV
s�1) revealed increased peak current values with increasing scan
rates (Fig. 5(b)). CV curve shapes were well dened even under
higher scan rates, indicating a quick response to the fast
Fig. 5 (a) Comparative CV curves of bare CWTs and caterpillar-like Cu
electrolyte. (b) CV curves and (c) GCD curves at various scan rates and cu
density for caterpillar-like CuO NSs-coated CWTs.

This journal is © The Royal Society of Chemistry 2017
potential sweep and good electrochemical reversibility of CuO
NSs.

In order to study the energy storage ability of the caterpillar-
like CuO, GCD analysis was performed at different applied current
densities. As shown in Fig. 5(c), the discharge prole appearance
does not match ideal straight lines, which further conrms the
pseudocapacitive redox behavior of the CuO NSs in aqueous
electrolyte solution. The small voltage drop at high current
densities during the discharge process is attributed to CuO
internal resistance. The calculated Cac values as a function of
applied current density from the discharge curves are plotted in
Fig. 5(d). At the current densities of 1, 2, 3, 4, 6, 8 and 12mA cm�2,
the caterpillar-like CuO NSs on CWTs showed maximum Cac

values of 290.87, 271.7, 264.06, 260.82, 257.17, 252.1 and 249.2mF
cm�2, respectively, indicating excellent rate capability of the
material. The excellent energy storage properties of the caterpillar-
like CuO NSs on CWTs are mainly attributed to the hierarchical
structure with high surface area which provides an easy pathway
for diffusion of electrolyte ions for efficient redox reactions.

The electrochemical performance of the caterpillar-like CuO
NSs on CWTs was further increased by adding appropriate
amounts of redox-additive K3Fe(CN)6 (0.01 M) into the aqueous
1 M KOH electrolyte solution. Comparative CV curves of the
caterpillar-like CuO NSs on the CWTs electrode in the three-
electrode system with and without redox-additive electrolyte are
shown in Fig. 6(a). Clearly, the CV curves measured in the
presence of redox electrolyte show a larger enclosed CV area
than for the bare 1 M KOH electrolyte (i.e., without redox
additive), which is indicative of superior electrochemical prop-
erties of the electrode in the redox-additive electrolyte.
O NSs on CWTs measured at a scan rate of 30 mV s�1 in 1 M KOH
rrent densities. (d) Calculated Cac values as a function of applied current
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Fig. 6 Electrochemical performance of CuO NSs on CWTs with inclusion of redox-additive K3Fe(CN)6 to aqueous 1 M KOH electrolyte solution.
(a) Comparative CV curves of caterpillar-like CuO NSs on CWTs with and without redox additive. (b) Galvanostatic discharge curves and (c) EIS
analysis of CuO NSs on CWTs evaluated with and without redox-additive electrolyte. (d) CV curves and (e) GCD curves at various scan rates and
current densities. (f) Calculated Cac values as a function of applied current density for caterpillar-like CuO NSs coated CWTs in redox-additive
electrolyte solution. (g) Long-term cycling stability test of caterpillar-like CuO NSs-coated CWTs at a current density of 4 mA cm�2 in redox-
additive electrolyte solution. Inset in (f) shows photographic image of working electrode after 2000 cycles.
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Galvanic discharge proles measured at a current density of
2 mA cm�2 are shown in Fig. 6(b). A signicantly higher
discharge time was observed for the redox-additive electrolyte
used with CuO NSs on the CWTs electrode than for the bare 1 M
KOH. From the discharge time of CuO NSs on the CWTs elec-
trode, the calculated Cac value was approximately 670.68 mF
2230 | J. Mater. Chem. A, 2017, 5, 2224–2234
cm�2 in redox-additive electrolyte, which is about 2.46 times
higher than for the bare 1 M KOH electrolyte. The increased Cac

of CuO NSs in the redox electrolyte could be ascribed to
enhanced redox reactions of Fe(CN)6

3� and Fe(CN)6
4�, where

both redox couples act as an “electron shuttle” in the charge–
discharge process.29,46 As a result of the quick reversible
This journal is © The Royal Society of Chemistry 2017
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reactions, enhanced energy storage abilities were obtained for
the CuO NSs on CWTs electrode in the redox-additive electro-
lyte. In addition, EIS analysis was conducted to examine the
conductivity of electrode materials and to explore the impor-
tance of K3Fe(CN)6 in aqueous 1 M KOH electrolyte solution for
improved capacitance (Fig. 6(c)). Nyquist plots of the caterpillar-
like CuO NSs on CWTs were measured in the frequency range of
0.01 Hz to 100 kHz at the open circuit potential in both elec-
trolytes. Common characteristics of a semicircle at high
frequencies and an inclined line at low frequencies were
observed in the EIS curves. In the case of redox-additive elec-
trolyte, the charge transfer resistance (Rct) of the CuO NSs on the
CWTs electrode exhibited a lower value than for the bare KOH
electrolyte. Furthermore, the CV curves of the CuO NSs on the
CWTs electrode under various scan rates were measured to
examine the electrochemical reversibility mechanism in redox-
additive electrolyte. In Fig. 6(d), the CV proles of the CuO NSs
on the CWTs electrode in redox-additive electrolyte show
a similar pseudocapacitive behavior, with larger peak current
values on increasing the scan rate. At increased scan rates, the
redox potentials also shied within the applied potential sweep
and maintained similar CV shapes, which conrms that the
ionic and electronic transport of the electrode is rapid enough
in the redox-additive electrolyte for the applied scan rates. The
superior energy storage performance of the electrode in redox-
additive electrolyte was ultimately demonstrated by galvano-
static discharge analysis. Discharge curves measured at
different current densities are shown in Fig. 6(e) and the
calculated Cac values as a function of discharge current density
are plotted in Fig. 6(f). The maximum Cac value of 670.68 mF
cm�2 was obtained at a current density of 2 mA cm�2; even at
a high discharge current density of 12 mA cm�2, the redox
electrolyte material showed a Cac value of 339.9 mA cm�2, with
a capacitance retention of 50.67%. The decreased capacitance
under enhanced current densities may be due to the redox
reactions moving gradually to keep pace with higher current
densities. Such enhanced energy storage performance of the
caterpillar-like CuO NSs on CWTs was higher than previous
reports of the similar CuO or its nanocomposites (Table S2†).
The cyclic stability of the caterpillar-like CuO NSs on CWTs was
investigated up to 2000 cycles at a current density of 4 mA cm�2

in redox-additive electrolyte, as shown in Fig. 6(g). Interestingly,
the Cac was gradually increased during the initial 400 cycles and
aerwards the Cac was stable with little uctuation. Capacitance
retention aer 2000 cycles was observed at about 1.48%.
Increased Cac during the initial cycles was mainly attributed to
the activation process of the caterpillar-like CuO NSs by rapid
diffusion of electrolyte ions, which is similar to previous
reports.30,52 The photograph of the working electrode aer 2000
cycles shown in the inset of Fig. 6(f) clearly demonstrates that
the active material (i.e., caterpillar-like CuO NSs) still adhered to
the CWTs without any mass loss.

The enhanced electrochemical properties of the devices in
view of both high power density and energy density are crucial
for practical SC applications. To examine the possible energy
storage performance of the caterpillar-like CuO NSs on CWTs,
we assembled asymmetric SCs using caterpillar-like CuO NSs on
This journal is © The Royal Society of Chemistry 2017
CWTs as the positive electrode and AC on CF as the negative
electrode. Fig. 7(a) shows the schematic and photograph of the
fabricated device with a few ml of redox-additive electrolyte.
Before assembling the device, the electrochemical behavior of
the AC on CF was investigated (see Fig. S3†) to balance the mass
on each electrode to obtain consistent energy storage perfor-
mance. According to the mass balancing relationship as shown
in eqn (2), mass on both electrodes was optimized:29

mþ

m� ¼ Cac
� � DV�

Cac
þ � DVþ (2)

where m+, Cac
+ and DV+ are the mass, areal capacitance and

potential window, respectively, of the positive electrode, and
m�, Cac

� and DV� are the mass, areal capacitance and potential
window, respectively, of the negative electrode. On the basis of
electrochemical performance for CuO NSs on CWTs and
AC@CF electrodes in redox-additive electrolyte, the optimal
mass ratio between the electrodes should be (CuO NSs@CWTs//
AC@CF) ¼ 1.32 in the asymmetric SCs. Fig. S4† shows the CV
curves of both CuO NSs on CWTs and AC on CF at a scan rate of
30 mV s�1. It can be expected that the working potential of
asymmetric SCs is #1.5 V. To further conrm the operating
potential window of the device, the CV curves of the asymmetric
SCs were measured at different operating potentials ranging
from 0.8 to 1.5 V at a constant scan rate of 30 mV s�1, as shown
in Fig. 7(b). CV curves were stable up to 1.5 V, since the positive
electrode working potential was 0–0.5 V and the negative elec-
trode working potential was 0 to �1.0 V. Fig. 7(c) shows the CV
curves of the fabricated device collected at various scan rates
from 5 to 80 mV s�1. All CV proles together express both
faradaic (pseudocapacitive) and non-faradaic (electric double-
layer capacitive) behaviors, which is the typical nature of
asymmetric SCs. Even at a high scan rate of 80 mV s�1, no
signicant change in the CV curve was observed, except for the
increase of CV integral area, indicating the better rate capability
of the device. As for the two-electrode-based device, estimating
the Cac, Ed and Pd for practical applications was desirable.
Therefore, GCD curves of the asymmetric SC were investigated
with the stable potential window of 1.5 V under different current
densities, as shown in Fig. 7(d). GCD curves showing the nearly
symmetric charge–discharge proles of the assembled device
enabled good coulombic efficiency and excellent charge storage
capability. At a low current density of 2 mA cm�2, the device
exhibited a Cac value of 269.2 mF cm�2, and the Cac value of
241.9 mF cm�2 was still obtained even at a high current density
of 15 mA cm�2, as shown in Fig. 7(e).

Most two-electrode systems that employed asymmetric SCs
could not accomplish higher Cac as did the three-electrode
systems. This is because the Cac value of the asymmetric SCs
was strongly affected by the mass of electroactive materials on
both electrodes and by cell conguration. In addition, the Cac

value was further dependent on the overall potentials of both
electrodes. Therefore, achieving higher Cac values was some-
what difficult. The cycling stability of this asymmetric SC was
also tested up to 2000 cycles at a current density of 7 mA cm�2,
as shown in Fig. S5.† Without capacitance loss, the device still
exhibited capacitance retention of 1.3% with the initial cycle
J. Mater. Chem. A, 2017, 5, 2224–2234 | 2231

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ta10428b


Fig. 7 (a) Schematic illustration of assembled asymmetric SCs with caterpillar-like CuO NSs on CWTs and AC coated on CF in redox-additive
electrolyte. (b) CV curves of fabricated device measured at different potentials with constant scan rate of 30 mV s�1 (c) CV profiles and (d) GCD
profiles of devices tested at various scan rates and current densities. (e)Cac values of device as a function of current density. (f) Ragone plot of this
asymmetric SC in comparison with selected previous reports. Inset in (e) shows two serial, connected asymmetric SCs powering commercial red
and green LEDs.
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aer 2000 cycles, indicating superior cycling stability. This
enhanced capacitance during GCD cycles is ascribed to the
activation process of both electrodes. The amount of energy
stored and delivered by the as-fabricated asymmetric SCs is also
crucial for practical applications. Fig. 7(f) shows the compara-
tive Ragone plot of the fabricated asymmetric SCs with some of
the recently reported devices. Herein, the energy density (Ed,
mW h cm�2) and power density (Pd, mW cm�2) values were
calculated using the following formulas:52

Ed ¼ Cac � ðDVÞ2
7:2

(3)

Pd ¼ 3600� Ed

Dt
(4)

where Cac is the areal capacitance (mF cm�2), DV is the potential
window (V) and Dt is the discharge time (s) of the asymmetric
SCs. As shown in the Ragone plot, our caterpillar-like CuO NSs/
AC asymmetric SCs exhibited the maximum Ed value of 0.082
2232 | J. Mater. Chem. A, 2017, 5, 2224–2234
mW h cm�2 at a Pd of 1.48 mW cm�2 with a potential window of
1.5 V. Furthermore, 74.3% of the Ed (0.061 mW h cm�2) was still
retained as the Pd was increased by �7 times to 10.1 mW cm�2.
Here, the obtained Ed and Pd values of the caterpillar-like CuO
NSs/AC-based asymmetric SCs are superior to those of the
previously reported similar SCs, including CuO nanoparticles
covered by reduced graphene oxide (CuO@rGO, Ed ¼ 0.036 mW
h cm�2 and Pd ¼ 0.12 mW cm�2),53 CuO@MnO2//microwave
exfoliated graphite oxide (CuO@MnO2//MEGO, Ed¼ 0.0398mW
h cm�2 and Pd ¼ 0.405 mW cm�2),54 hydrogenated MnO2

nanorods@rGO (h-MnO2//rGO, Ed ¼ 0.0175 mW h cm�2 and Pd
¼ 1.8 mW cm�2),55 Bi2O3//AC (Ed ¼ 0.067 mW h cm�2 and Pd ¼
1.2 mW cm�2),56 multi-walled carbon nanotube bers@ordered
mesoporous carbon (MWCNT bers//OMC, Ed ¼ 0.0018 mW h
cm�2 and Pd ¼ 0.43 mW cm�2),57 and carbon micro-
bers@multi-walled carbon nanotubes (CMFs//MWCNTs, Ed ¼
0.0098 mW h cm�2 and Pd ¼ 0.189 mW cm�2).58 Such superior
energy storage abilities of our device are attributed to their
higher areal capacitance and wide potential window. Based on
This journal is © The Royal Society of Chemistry 2017
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the stable energy storage properties of the devices, we con-
nected our two devices (in series) to light-emitting diodes
(LEDs) which were successfully illuminated for 60 s, as shown in
the inset of Fig. 7(e). From the unique structure of metal oxide
NSs, exible conductive textiles and redox-additive electrolytes
with improved energy storage abilities point to a new pathway in
developing high-performance SC applications.
Conclusions

A facile, green, single-step and wet-chemical approach was used
to synthesize hierarchical CuO NSs with caterpillar-like
morphologies. Next, the CuO NSs were uniformly painted on
exible CWTs using a drop-casting method and used as
a binder-free electrode in SCs. The electrochemical perfor-
mance of the CuO NSs coated on CWTs revealed a Cac value of
271.7 mF cm�2 at 2 mA cm�2 in 1 M KOH solution, which was
then further enhanced to 670.68 mF cm�2 under the same
current density by introducing a small portion of redox-additive
K3Fe(CN)6 to aqueous 1 M KOH electrolyte solution. The
enhanced Cac of CuO NSs on CWTs was mainly attributed to
rapid redox reactions of the CuO and Fe(CN)6

3�/Fe(CN)6
4�

redox couple, which accelerates the electron transfer for
improved energy storage performance. Furthermore, asym-
metric SCs were assembled, exhibiting a maximum Ed value of
0.082 mW h cm�2 and a Pd of 10.1 mW cm�2, which could
illuminate commercial LEDs. The unique structure of metal-
oxide NSs, exible conductive textiles and redox-additive elec-
trolytes to improve the energy storage abilities provides a deep
insight and understanding for high-performance SC
applications.
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