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mical synthesis of 3D nano-
architectured CuO electrodes for high-
performance supercapacitors†

Ming-Jay Deng,*a Cheng-Chia Wang,ab Pei-Jung Ho,ac Chih-Ming Lin,c

Jin-Ming Chen*a and Kueih-Tzu Lu*a

With a simple electrochemical process, we prepared nano-architectured CuO electrodes with a 3D

hierarchically porous structure and an excellent supercapacitive performance. These nano-architectured

CuO electrodes were processed through co-deposition of a Ni–Cu layer on Ni foam, selective etching

of Cu from the Ni–Cu film (leaving tentacle-like nanoporous Ni), and anodic deposition of CuO

nanoribbons (NRs) on the tentacle-like nanoporous Ni/Ni foam substrate. Because of its unique nano-

architecture, the prepared CuO nanoribbon-on-Ni-nanoporous/Ni foam (CNRNP) electrode shows

exceptional performance of energy storage relative to a conventional version of the electrode. The

CNRNP electrode has also a superior kinetic performance relative to CuO nanoflake-on-Ni foam

(CNFNF) and flake-like CuO (FLC) electrodes. Besides its excellent cyclic stability, an exceptionally large

specific capacitance of 880 and 800 F g�1 (deducting the substrate capacitance from the total) for the

CNRNP electrode is obtained at scan rates of 10 and 200 mV s�1, respectively. The excellent

pseudocapacitive characteristics of CNRNP electrodes associated with the variation of the Cu oxidation

state during charge and discharge cycles were elucidated with in situ X-ray absorption near-edge

structure (XANES) spectra.
1 Introduction

The depletion of fossil fuels and the global warming require
not only an urgent development of clean alternative energies
and emission control of global warming gases, but also more
effective systems for storage, conversion and management of
energy. Supercapacitors (SC) have received considerable
attention as key devices for energy storage because of their
great power densities, rapid recharge capability and long cycle
life;1,2 they have thus become increasingly attractive for use in
hybrid electric vehicles, consumer electronics, medical devices,
and military missile systems. Pseudocapacitors, of which the
capacitance is attributed mainly to the continuous and
reversible redox reaction of electrode materials as an inter-
mediate system between dielectric capacitors and batteries,3,4

have attracted much interest because of their power density
that exceeds that of secondary batteries, and energy density
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greater than that of typical carbonaceous materials with elec-
tric double-layer capacitors. To achieve a large capacitance, a
pseudocapacitor normally combines non-Faradaic electrostatic
charge storage with redox reactions.5–8 To improve the energy
density of pseudocapacitors, much effort has been devoted to
investigate pseudocapacitive transition-metal oxides, such as
RuO2, MnO2, NiO, and Co3O4.5–15 RuO2 is a material well
known to have an ideal pseudocapacitive performance and a
specic capacitance greater than 1000 F g�1,9,10 but its great
cost substantially limits its commercial applications. Among
these metal oxides, Cu oxide can be a promising candidate
because of its low cost, abundance, non-toxicity and ease of
preparation in diverse shapes of nanometre dimensions, such
as nanospheres, nanoowers, nanorods and nanotubes.
Besides supercapacitors, Cu oxides have served widely as
electrode materials for catalysts and biosensors.16,17 Cu-oxide
nanostructures have been tested as anodes for Li-ion batteries
and showed a large Li-ion storage capacity,18 which indicates
that Cu oxides can offer a large capacity for charge storage
through a large redox activity, and great reversibility. The
observed specic capacitance for Cu oxides is much smaller
than those for other transition-metal oxides, such as 1200 F
g�1 for MnO2 and 2200 F g�1 for Co3O4,11,15 and it is still
challenging and imperative to develop efficient but simple
ways to enhance the utilization of electroactive Cu oxides,
particularly at high rates.
J. Mater. Chem. A, 2014, 2, 12857–12865 | 12857
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Fig. 1 Scheme of electrochemical preparation of a highly porous
CNRNP electrode.
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The performance of SCs is determined primarily by the
electrochemical activity and kinetics of its electrodes. To
improve the energy density of SCs at high rates, it is hence
critical to increase the transport rates of electrolyte ions and
electrons in electrodes and at the interface between the elec-
trode and the electrolyte, and to involve sufficient electroactive
species exposed on the surface for the Faradaic redox reac-
tion.19,20 The electrodes for electrochemical evaluation are
generally enriched with binders produced with a slurry-coating
technique, in which the most electroactive surface of an elec-
trode material becomes blocked from contact with an electro-
lyte.13,14 Moreover, the polymer binder included markedly
decreases the electrical conductivity of the electrode materials,
diminishing their performance. Scientists must thus ponder
carefully how to design a suitable nano-architecture electrode
that favors the penetration of electrolytes into the entire elec-
trode matrix and at the same time decreases the electrical
resistance in the electroactive materials and at the interface
between the electrode material and the current collector.13

Based on the above considerations, an ideal scheme is a
nanoarray electrode free of binders, so self-supported, which is
typically constructed with 1D or 2D building blocks and grown
directly on the current collectors. An electrode of this type
generally renders many advantages, such as effective electrical
conductivity, small resistance to the diffusion of ionic species,
ease of electrolyte penetration and a large electroactive
area.13,19,20 More precisely, in an electrode of this type, paths of
both electrolyte ions and electrons are simultaneously con-
structed to enable an efficient energy storage at high rates,
realizing a maximum application of the electroactive material at
a large current density.

Only little work has been performed on the application of
CuO as a pseudocapacitor electrode because of its small elec-
trical conductivity and unstable cycling performance.21–23 The
poor retention of capacitance upon cycling is due mainly to the
destruction of the crystal structure of CuO during the ion
insertion and extraction. A unique nano-architecture of the
substrate material might alleviate this problem. Ni foam and Ni
porous substrates improve the pseudocapacitive performance
of electrodes.13,24–28 A simple and scalable fabrication of 3D
nano-architectured CuO for SC applications has seldom been
reported. Herein, we describe a facile synthesis of CuO nano-
ribbons (NRs) on tentacle-like nanoporous Ni/Ni foam to
construct a 3D nano-architectured pseudocapacitive electrode
with promising performance for charge storage. Ni foam is
chosen as a substrate because of its large electrical conductivity
and a desirable 3D porous structure. The preparation of a CuO
nanoribbon-on-(tentacle-like)-Ni nanoporous/Ni foam (CNRNP)
electrode is an entirely electrochemical process (Fig. 1), which
has the advantages of low cost, simplicity, versatility, accuracy
and reliability.29,30 The optimum specic capacitance (deduct-
ing the substrate capacitance from the total) evaluated using
cyclic voltammetry (CV) was as great as 880 F g�1 in KOH
solution (3 M) at a potential scan rate 10 mV s�1 in a potential
range �0.1 to +0.5 V (vs. SCE). The cycling performance is
acceptable, �94% retention aer 5000 cycles. We compared the
pseudocapacitive behavior of CuO nanoake-on-Ni foam
12858 | J. Mater. Chem. A, 2014, 2, 12857–12865
(CNFNF) and ake-like CuO (FLC) electrodes in KOH solution (3
M), respectively, and we elucidated the variation of the oxida-
tion state of Cu of three electrodes in KOH solution using in situ
X-ray absorption near-edge structure (XANES) spectra. This
electrochemical capacitor exhibits an effective charge compen-
sation in the Cu+/Cu2+ reaction during rapid charge and
discharge cycling with a maximum variation of �0.85 of the Cu
oxidation state. The CNRNP electrode exhibited a specic
capacitance greater than that reported in the literature.21–23
2 Experimental section
2.1 Apparatus and chemicals

All chemicals were of reagent quality and used without further
purication. Ni–Cu alloy lms were electrodeposited from a
plating solution containing NiSO4 (0.5 M), NiCl2 (0.5 M), CuSO4

(0.01 M), dimethyl sulfoxide (DMSO, 5%) and H3BO3 (1 M, pH¼
3.8). The deposition was performed at 27 �C in a three-electrode
cell with a Pt counter electrode and a saturated calomel refer-
ence electrode (SCE). Ni foam (area � 4.0 cm2) was pretreated
with degreasing in acetone, etching in hydrochloric acid,
rinsing with water, soaking in NiCl2 (0.01 M) for 6 h, and rinsing
again thoroughly with water; aer drying, the foam served as
the working electrode so that adhesion was effective. The lm
was deposited under a constant potential �0.78 V; the total
cathodic passed charge was controlled at 3 C cm�2. Selective
dissolution of Cu from the deposited alloy was then conducted
in the same solution on applying an anodic potential 0.8 V until
a terminal current density of 10 mA cm�2 to develop the Ni
nanoporous lm of density of approximately 0.3 mg cm�2.
2.2 Electrochemical characterization

The microstructure of the samples was examined with a scan-
ning electron microscope (SEM, JEOL 6500F), X-ray energy
dispersive spectroscope (EDS) and a transmission electron
This journal is © The Royal Society of Chemistry 2014
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microscope (TEM, JEOL 2000F). The X-ray powder diffraction
(XRD) of samples was performed at beamline BL01C2 of the
National Synchrotron Radiation Research Center (NSRRC), with
X-rays of an energy of 18.0 keV (wavelength l ¼ 0.6888 Å); data
collected with an image plate (Mar345) were calibrated with
diffraction of mixed powders of silicon and silver behenate. For
comparison, the synchrotron-based XRD patterns were con-
verted into Cu Ka radiation. CuO was deposited anodically onto
the nanoporous Ni substrate prepared in an alkaline solution
bath containing CuSO4 (0.1 M), Cu(CH3COO)2 (0.1 M) and tar-
taric acid (0.2 M), adjusted to pH � 9 on addition of NaOH (5
M). Tartaric acid acts as a stabilizer for Cu(II) ions to prevent its
precipitation at pH higher than 7.31,32 An anodic potential 0.6 V
(vs. SCE) was applied to yield a total passed charge density of 0.4
C cm�2. The typical mass densities, measured with a micro-
balance of an accuracy of 0.01 mg, of the deposited CuO was
approximately 0.32 mg cm�2. The nanostructured electrode
obtained was examined with a SEM. The same amount of CuO
was deposited on Ni foam and at Ni substrates to make
counterpart electrodes. The at Ni substrate (area � 4.0 cm2)
was pretreated on degreasing in acetone, etching in hydro-
chloric acid, and rinsing thoroughly with water; aer drying it
served as the working electrode. The electrochemical perfor-
mance of the three electrodes was evaluated with cyclic vol-
tammetry (CV) in KOH solution (3 M) at 27 �C; the potential was
scanned in a range of �0.1 to +0.5 V (vs. SCE) with varied sweep
rates (10–200 mV s�1). Electrochemical impedance spectra (EIS)
were recorded on applying an AC voltage of amplitude 5 mV s�1

in a frequency range from 0.01 Hz to 100 kHz at the open-circuit
potential. The applied potential and current were regulated with
a potentiostat (Autolab). The variation of the oxidation state of
Cu in the CNRNP electrode was investigated at various applied
potentials in KOH solution (3 M) with in situ Cu K-edge XANES
spectra recorded in the uorescence-yield mode. A sealed
spectro-electrochemical cell with a uorescence-transparent
Kapton tape window was used. Before measuring the absorp-
tion spectra at a given potential, we maintained the electrode at
a set potential for 10 min to allow the CNRNP electrode to attain
a steady state. The in situ Cu K-edge XANES measurements were
conducted at beamlines BL01C1 and BL17C1 of NSRRC. A
Si(111) double crystal monochromator served to tune the X-ray
photon energy with resolution DE/E � 2 � 10�4. The X-ray
absorption energy was calibrated with the known Cu K-edge
absorption inection point at 8978.9 eV of a Cu foil, which was
measured before each XANES scan. X-ray photoemission spec-
troscopy (XPS) was used to probe the oxidation state of Cu at
beamline BL20A of NSRRC.

3 Results and discussion

Our research strategy is shown in Fig. 1. Fig. S1† shows the CV
of a blank Ni foam electrode recorded in the plating solution
(NiSO4 0.5 M, NiCl2 0.5 M, CuSO4 0.01 M, DMSO 5%, and H3BO3

1 M). Through a potential scan of the electrode from the open-
circuit potential (0.13 V) in a negative direction, the onset of the
Cu reduction current at approximately 0.1 V was followed by a
reduction signal associated with the nucleation and growth of
This journal is © The Royal Society of Chemistry 2014
Cu. As Cu(II) has a limited mass transfer because of its small
concentration, the deposition current varied insignicantly
with potential until �0.6 V, at which point Ni(II) reduction
began. At a more negative potential, Ni and Cu were co-depos-
ited. The anodic signals about 0.8 V are attributed to a selective
dissolution of Cu from the Ni–Cu layer in the deposit. To
elucidate the reaction mechanism, we used SEM, XRD, XANES
and XPS to examine the chemical and physical properties of the
deposits.

According to Fig. S1,† the co-deposition of a Ni–Cu layer and
then the selective etching of Cu from the deposit were
completed in the same solution on simply switching the applied
potential (at �0.78 V and +0.8 V, respectively). Fig. 2(a) shows
the granular morphology of the lm deposited at �0.78 V,
which had a Ni/Cu atomic ratio of approximately 45/55
(conrmed with EDS). As shown in Fig. 2(a), during the depo-
sition, new grains seemed to form on preceding ones, growing
into a protruding structure; they tended to overlap and to
aggregate into clusters while the passed charge was increased.
Fig. 2(b) shows a SEM image of the tentacle-like Ni nanoporous
lm aer being etched at 0.8 V. While the clustering of the Ni–
Cu grains led to formation of connected pores upon etching
(less than 2 at% of residual Cu was found), the morphology
gradually became a tentacle-like Ni nanoporous structure
remaining through its passivation. The pore size was in a range
of 30–90 nm; the pore density was about 1013 cm�2. The
comparison of the deposition potential on the morphology is
shown in Fig. S2,† which shows the plane view SEM micro-
graphs for Ni–Cu lms aer complete electrochemical etching
at 0.8 V. Fig. S2a† shows that etching a Ni–Cu lm deposited at
�0.70 V (Ni/Cu atomic ratio approximately 30/70 (conrmed
with EDS)) results in the formation of pores 150–250 nm in
diameter but the density of the pores is small. Fig. S2b† shows
that etching the Ni–Cu lm deposited at �0.85 V (Ni/Cu atomic
ratio approximately 65/35) results in carrot-like deposits with
tiny holes on their central parts. Fig. 2(c) shows an image of the
tentacle-like Ni lm (thickness about 5 mm) at less magnica-
tion. The tentacle-like Ni nanoporous lm of great density was
observed to grow uniformly on the skeleton of the Ni foam,
forming a 3D hierarchical structure (inset in Fig. 2(c)). In
contrast to the at Ni substrate used, the Ni foam had a much
more effective adhesion to the nanoporous Ni lm. As a thicker
lm was allowed, a 3D hierarchically porous structure was
available. Fig. 2(c) shows that a highly porous structure was
found throughout the layer. This observation conrms that the
Ni–Cu lm as deposited on the Ni foam consisted of numerous
interconnected Ni–Cu particles, and that the layer underneath
was still etching electrolyte accessible because of the high
porosity. Fig. 2(d) shows the XRD patterns of the Ni–Cu lm
before and aer etching at 0.8 V, revealing that the Cu-rich
phase was selectively removed. Fig. 2(e) shows the Cu 2p3/2 XPS
spectra recorded from the lm deposited at �0.78 V. The
binding-energy signal at 932.7 eV corresponds to Cu at zero
valence.33 Aer etching, the corresponding XPS spectra are also
shown in Fig. 2(e); the intensity of the Cu 2p3/2 signal decreased
signicantly aer etching. The results clearly conrm that,
through the formation of a surface-oxide layer in the sulfate
J. Mater. Chem. A, 2014, 2, 12857–12865 | 12859
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Fig. 2 (a) SEMmicrographs of the Ni–Cu alloy films as deposited on Ni foamobtained on constant potential electrodeposition at�0.78 V. (b) The
nanoporous Ni film after Cu was selectively etched. (c) Image of the nanoporous Ni at a smaller magnification and (d) X-ray diffraction patterns
for Ni–Cu films deposited before and after etching the Cu. (e) Cu 2p3/2 XPS spectra recorded from the Ni–Cu film as deposited at �0.78 V, and
the film etched at 0.8 V. The electrodeposition and selective dissolution were performed in solution (NiSO4 0.5 M, NiCl2 0.5 M, CuSO4 0.01 M,
DMSO 5%, and H3BO3 1 M).
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solution, Ni became passivated and remained on the electrode
while Cu was selectively removed under the anodic applied
potential. The results presented in Fig. 2 indicate that the
central part of each grain was a Cu-rich region that was favor-
ably dissolved when an anodic potential was applied, which
created the tentacle-like Ni nanostructures. Chemical segrega-
tion within deposited Ni–Cu grains was observed by previous
authors.26,27 We have thus developed an efficient electro-
chemical technique to construct 3D hierarchical Ni porous/Ni
foam substrates. The feature size of the nanoarchitectures
obtained was smaller than those of the existing Ni foam and at
Ni substrates used for pseudocapacitors;13,24,25 enhancement of
the performance of an electroactive material is hence to be
12860 | J. Mater. Chem. A, 2014, 2, 12857–12865
expected. The remaining tentacle-like Ni nanoporous/Ni foam
with 3D nano-porosity was then used to load the CuO NRs.

To attain an entirely electrochemical procedure for the
fabrication of a 3D hierarchically porous CuO capacitor elec-
trode, we attempted direct electrodeposition of CuO NRs on the
prepared tentacle-like Ni porous/Ni foam substrates. Fig. 3(a)
shows the morphology of the anodically deposited CuO NR on
the prepared tentacle-like Ni porous/Ni foam template. The CuO
NR of width only a few nanometers was observed to be
uniformly distributed on the nanosize Ni tentacles, even inside
the pores, forming a 3D micro–meso–macro-porous structure.
This result proves that a 3D nano-architecture CuO electrode
with a great surface area and a hierarchically porous structure
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) High-resolution SEM micrographs of the CuO NR electrodes prepared with the Ni porous substrate; (b) X-ray diffraction patterns for
CuONR films; (c) TEM image of the CuONR structure. The inset shows the SAED pattern of the CuONR as prepared. (d) Cu 2p XPS spectra of the
CuO NR film. SEM micrographs of the CuO electrodes prepared on (e) the flat Ni substrate and (f) the Ni-foam substrate.
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was implemented. The crystal structure and phase purity of the
CuO products were analyzed with XRD, as shown in Fig. 3(b). All
identied diffraction signals were matched satisfactorily
with the standard pattern of monoclinic CuO (JCPDS card no.
05-661).34 No signal from possible impurities such as Cu,
Cu(OH)2, or Cu2O was detected. A typical TEM image of the CuO
NR appears in Fig. 3(c); the inset that shows the SAED pattern of
the CuO NR as prepared indicates that the ribbons were well
crystallized. The diffraction rings on the SAED image match
with the features in the XRD pattern, which proves also the
monoclinic structure of the CuO NR as prepared. Fig. 3(d)
presents the Cu 2p3/2 XPS spectrum recorded from the electrode
shown in Fig. 3(a). The existence of shake-up satellites in the Cu
2p signal eliminates the presence of Cu2+. The Cu 2p3/2 photo-
emission signal ts perfectly with a line centered at a binding
This journal is © The Royal Society of Chemistry 2014
energy of 933.6 � 0.1 eV, as shown in Fig. 3(d). This analytical
result conrms that the electrochemically prepared electrodes
are CuO electrodes.35 Fig. 3(e) and (f) show the morphologies of
the prepared Cu oxide electrodes with at Ni and Ni foam
substrates, respectively. On the at Ni substrate, massive ake-
like CuO (FLC) was observed above a granular but compact
lower layer. On the Ni foam substrate, CuO nanoakes (CNFNF)
were observed to form a thick, uniform lm, which completely
covered the Ni foam framework. The Brunauer–Emmett–Teller
(BET) surface areas of these samples were determined to be
50.6 m2 g�1 for the FLC electrode, 94.8 m2 g�1 for the CNFNF
electrode and 196.1 m2 g�1 for the CNRNP electrode. About 78%
of the total pore volume of the CNRNP electrode was contrib-
uted by pores under 50 nm. The corresponding density func-
tional theory (DFT) pore size distribution of the CNRNP
J. Mater. Chem. A, 2014, 2, 12857–12865 | 12861
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electrode exhibits a hierarchical pore structure that includes
micro- (<2 nm, 17%), meso- (2–50 nm, 61%), and macropores
(>50 nm, 22%). However, about 30 and 55% of the total pore
volume of the CNFNF and FLC electrode were contributed by
pores under 50 nm, respectively. The BET test was done by
testing the whole synthesized structure and then minus the
blank substrates (Ni foam or at Ni). The signicantly increased
surface area was due to the highly ordered tentacle-like porous
structures, consistent with the observation from the SEM
images shown in Fig. 2 and 3. We applied directly the CNRNP,
CNFNF and FLC as electrodes for SCs to compare the merits of
the unique architecture. The electrochemical tests were per-
formed in a three-electrode conguration with a Pt counter
electrode and a SCE in an aqueous electrolyte (KOH 3 M). The
pseudocapacitive characteristic of each electrode was then
systematically evaluated, as discussed in the following sections.

Fig. 4(a) shows the CV of the CNRNP, CNFNF and FLC
electrodes at a scan rate 10 mV s�1. For each curve, a symmetric
pair of anodic and cathodic peaks over the entire range of scan
rates was clearly observed, which reveals that the capacitive
characteristic was distinct from that of the electric double-layer
capacitance of which the CV curves have a nearly rectangular
Fig. 4 (a) Cyclic voltammograms of CNRNP, CNFNF and FLC electrodes
(b) cyclic voltammograms of the CNRNP electrode at various scan rates (1
electrodes recorded at various potential scan rates relative to that mea
charge–discharge curves of the CNRNP electrode measured in the
(1.5–20 A g�1).

12862 | J. Mater. Chem. A, 2014, 2, 12857–12865
shape. The result indicates clearly that reversible and contin-
uous Faradaic reactions of Cu oxides were involved during the
electrode charging and discharging. The pseudocapacitance of
the Cu oxide electrode is a result of transitions between oxida-
tion states of Cu(I) and Cu(II) in the oxide, and vice versa. This
redox reaction for the Cu oxide electrode is proposed:

CuO + 1/2H2O + e� 4 1/2Cu2O + OH� (1)

The redox signals appearing for samples in KOH solution are
attributed to the oxidation of Cu2O to CuO and back to Cu2O
(eqn (1)). In Fig. 4(a), the CV curve enclosed area, which corre-
sponds to the energy storage capability, increases with
increasing surface area. The CV curve of a bare porous Ni elec-
trode measured under the same conditions is superimposed as
shown in Fig. 4(a). As little Ni oxide was formed (on passivation)
on the electrode surface, the current ismuch smaller than that of
the 3D nano-architecture Cu oxide electrodes. The specic
capacitance (C) of CuO on various substrates was quantitatively
evaluated according to the following equation,

C ¼ Qm/DV (2)
recorded in solution (KOH 3 M) at a potential sweep rate of 10 mV s�1;
0–200mV s�1); (c) specific capacitance of the CNRNP, CNFNF and FLC
sured at 10 mV s�1 (a CuO deposition amount of 0.32 mg cm�2); (d)
potential range from �0.1 V to +0.5 V at varied current densities

This journal is © The Royal Society of Chemistry 2014
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in which Qm denotes the specic voltammetric charge (based on
the mass of CuO) integrated from the CV curve, and DV denotes
the potential scanning range (i.e. 0.6 V � 2). The calculated
capacitances (deducting the substrate capacitance from the
total) of the CNRNP and CNFNF electrodes are 880 and 450 F
g�1, respectively. In contrast, the FLC on a at Ni substrate
displays a capacitance of only 200 F g�1, which is larger than
what is typically reported for commercial CuO powder and a
CuO thin lm.21–23 Fig. 4(b) presents the CV curves of the CNRNP
electrode recorded at varied potential scan rates. The symmetric
characteristic, according to which the anodic and cathodic
charges are almost the same, was maintained even at a high
scan rate. The response current of the electrode, increasing
quasi-linearly with the potential scan rate, revealed its excellent
reactivity and reversibility. The optimum specic capacitance
(Csp) of the CNRNP electrode evaluated at 200 mV s�1 is 800 F
g�1; i.e. as much as 91% of the capacitance was maintained
relative to that measured at 10 mV s�1, as shown in Fig. 4(c). In
contrast, the CNFNF and FLC electrodes reserved only 81 and
69% of the initial Csp when the potential scan rate was increased
by the same extent, respectively. This specic capacitance and
high-rate capability outperform any existing Cu-oxide electrodes
reported in the literature.21–23 Plots of the galvanostatic charge–
discharge voltage vs. the time of CNRNP electrodes were
measured at an applied potential from �0.1 V to +0.5 V, as
shown in Fig. 4(d). A symmetric triangular shape with well
dened plateaus during the charges–discharge processes was
observed, indicating their satisfactory pseudo-capacitive
behavior. With the rate of charging and discharging increased
from 1.5 to 20 A g�1, the CNRNP electrode showed a Csp loss of
only �24%, which is much smaller than that, over 40%, of the
CNFNF and FLC electrodes, indicating a superior rate capability
of the CNRNP electrodes. The specic capacitance of CuO was
measured also with chronopotentiometry according to

C ¼ IDt/DVw (3)

in which I is the applied current (1.5 A g�1), DV is the potential
scan range (i.e. 0.6 V � 2), Dt is the duration of a charge–
discharge cycle, andw is themass of CuO.Csp was as large as 900
F g�1, which is near that estimated from the CV, again con-
rming the extraordinary capacity for charge storage. To conrm
the inuence of the 3Dnano-architecture on the electrochemical
performance, we show electrochemical impedance spectra (EIS)
in Fig. S3.† The impedances of the three electrodes all consist of
a depressed arc in the region of large frequency and a linear
slope at small frequency. The semicircle reects the electro-
chemical reaction impedance of the lm electrode; the straight
line indicates the diffusion of the electroactive species. The
CNRNP electrode exhibits a smaller capacitive arc and a smaller
slope than the CNFNF and FLC electrodes. A larger semicircle is
accepted to imply a larger charge-transfer resistance, and a
larger slope signiesmore rapid diffusion.We conclude that the
CNRNP electrode has the least charge-transfer resistance and
ion-diffusion resistance, corresponding to a much increased
conductivity, which is benecial for the rate capability of the
unique structure. The signicant differences of the current
This journal is © The Royal Society of Chemistry 2014
intensity and superior performance between the CNRNP,
CNFNF and FLC electrodes in Fig. 4 are attributed to the unique
3D hierarchical structure. In particular, the tentacle-like Ni
nanoporous/Ni foam substrate with nano/micro-scale voids and
the ow channels that follow a zigzag path give the electrode an
efficient mass transport and a great ratio of the effective surface
area. Each CuO NR is connected directly to the tentacle-like Ni
nanoporous/Ni foam skeleton with effective mechanical adhe-
sion, which not only generates a path for rapid electron trans-
port and minimizes the interface resistance, but also removes
the need for binders and conductive additives required in a
typical electrode. The greatly dispersed CuO NR further
increases the contact area between the electrolyte and the elec-
trode and facilitates rapid ion diffusion, thus enhancing the
electrochemical kinetics. The open micro–meso–macro-porous
structure between nanoribbons serves as an ion-buffering pool
of OH� ions,13 which conrms that sufficient Faradaic reaction
can occur even at large current densities. This effect also indi-
cates that a large Csp is still achievable at a large current density
with an appropriately designed 3D conductive electrode frame-
work. The large specic capacitance can decrease the amount of
oxide (thus the prime cost) used for a capacitor, preserving
natural resources. Fig. S4† demonstrates the capacitance
retention ratios as a function of CV scan rate for various elec-
trodes that we prepared. The CNRNP electrodes clearly show a
superior high-rate performance superior to that of the CNFNF
and FLC electrodes. For example, with a CuO deposition amount
of 0.32mg cm�2, the electrode with the tentacle-like nanoporous
Ni/Ni foam substrate retained over 90% capacitance when the
potential scan rate was increased from 10 to 200mV s�1 whereas
the counterpart electrodes retained only 81 and 69% of the
initial Csp under the same conditions. When the CuO loading
was increased to 1.2 mg cm�2, a satisfactory capacitance reten-
tion ratio of 82% was still achieved for the CNRNP electrode
when the CV scan rate increased from 10 to 200 mV s�1, but
much smaller values 70% and 52%, respectively, were found for
the CNFNF and FLC electrodes because of their kinetic limita-
tion. The electrochemical stability of the electrodes was evalu-
ated on repeating the charge–discharge cycles. The CNFNF and
FLC electrodes suffered capacitance decays 30% and 42% aer
5000 charge–discharge cycles, respectively. AAS analytical data
revealed that only 70% and 58%, respectively, of the initial CuO
remained aer the cycling, indicating that the capacitance
fading was attributedmainly to the loss of the active material. In
contrast, the CNRNP electrode suffered a capacitance decay of
6% aer 5000 charge–discharge cycles (see ESI Fig. S5†);
according to AAS analyses, more than 94% of the CuO remained
on the electrode. These results further signify the exceptional
capability of this unique tentacle-like nanoporous Ni/Ni foam-
supported CuONR electrode tomeet the requirements for both a
high Csp and a long cycle life, which are essential characteristics
for high-performance devices for energy storage. To conrm this
proposition, we investigated the pseudocapacitive characteris-
tics of these electrodes in situ in the KOH solution with XANES
spectra.

Fig. 5(a) shows in situ Cu K-edge XANES spectra of the
CNRNP electrode measured under ve applied potentials in a
J. Mater. Chem. A, 2014, 2, 12857–12865 | 12863
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Fig. 5 (a) In situ Cu K-edge XANES spectra of the CNRNP electrode
measured in KOH solution (KOH 3 M) under various applied potentials.
(b) Variation of the Cu oxidation state in KOH solution with various
applied potentials.
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sequence �0.1 V, +0.2 V, then +0.5 V and +0.2 V and nally
�0.1 V. The adsorption rising edge of the Cu K-edge spectra of
the CNRNP electrode shied toward greater energy with
increasing applied potential, and returned nearly to the initial
position when the potential was reversed. The absorption
threshold energy (E0), which is obtained from the rst inection
point on the absorption edge, is linearly correlated with the
oxidation state of a transition metal in materials.36 Based on E0
derived from the X-ray absorption spectra in Fig. 5(a), the
average oxidation state of Cu of the CNRNP electrode in KOH
solution was determined in the sequence shown in Fig. 5(b).
(Reference samples such as Cu, Cu2O(I) and CuO(II) were also
analyzed; the corresponding E0 were 8978.9, 8980.4 and 8983.6
eV, respectively.)36 Fig. 5(b) shows also the average oxidation
state and in situ Cu K-edge XANES spectra of the CNFNF elec-
trode in a sequence �0.1 V, then +0.5 V and nally �0.1 V, and
the FLC electrode in a sequence �0.1 V, then +0.5 V and nally
�0.1 V, respectively, both in KOH solution. In addition, the
incomplete recovery of the Cu oxidation state (from +1.09 to
+1.11) aer the electrochemical redox cycle was considered to
be a reason for the decay of the capacitance of the oxide
12864 | J. Mater. Chem. A, 2014, 2, 12857–12865
electrode during the charge and discharge. The variation of the
Cu oxidation state between �0.1 V and +0.5 V with a CNRNP
electrode is approximately 0.85, which is greater than that with
the CNFNF and FLC electrodes. The results conrm that the
highly porous nanostructure minimizes the distances of both
ionic and electronic transport in the CNRNP and thus improves
the electrode kinetic performance, contributing to the signi-
cant capacitance observed in Fig. 4, which is a crucial concern
for a high-performance supercapacitor.
4 Conclusions

A facile, inexpensive and potentially scalable technique has
been developed to fabricate well designed CuO NRs on a
tentacle-like nanoporous Ni/Ni foam for high-performance SCs.
The synthesis involves the co-deposition of a Ni–Cu layer on the
Ni foam, selective etching of Cu from the Ni–Cu lm (leaving
tentacle-like nanoporous Ni), and anodic deposition of the CuO
NR on the tentacle-like nanoporous Ni/Ni foam substrate.
Because of its unique 3D nano-architecture, the prepared CuO
NR-on-Ni nanoporous/Ni foam electrode endows rapid ion and
electron transport, a large electroactive surface area and
excellent structural stability. As a result, the CNRNP electrode
exhibits an exceptional pseudocapacitance, as great as
880 F g�1, and an outstanding rapid redox capability, relative to
those of the CNFNF and FLC electrodes. The unique 3D nano-
architectured substrate preserves an active material-cycling
stability of up to 5000 cycles. The proposed fabrication of 3D
nano-architectured electrodes is expected to be applicable to the
loading of other electroactive materials to improve their
sensing, catalytic and energy-storage performances.
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