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ABSTRACT: A novel substrate sacrifice process is proposed
and developed for converting part of a current collector into
supercapacitor active materials, which provides a new route in
achieving high energy density of supercapacitor device. Part of
a copper foam current collector is successfully converted into
highly porous nickel copper oxide electrode for light- and high-
performance supercapacitors. Remarkably, this strategy
circumvents the problem associated with poor contact
interface between electrode and current collector. Meanwhile,
the overall weight of the supercapacitor could be minimized.
The charge transfer kinetics is improved while the advantage of
the excellent mechanical properties of metal current collector is not traded off. By virtue of this unique current collector self-
involved architecture, the material derived from the current collector manifests large areal capacitance of 3.13 F cm−2 at a current
density of 1 A g−1. The capacitance can retain 2.97 F cm−2 at a much higher density (4 A g−1). Only a small decay of 6.5%
appears at 4 A g−1 after 1600 cycles. The strategy reported here sheds light on new strategies in making additional use of the
metal current collector. Furthermore, asymmetric supercapacitor using both solid-state gel electrolyte and liquid counterpart are
obtained and analyzed. The liquid asymmetric supercapacitor can deliver a high energy density up to 0.5 mWh cm−2 (53 Wh
kg−1) at a power density of 13 mW cm−2 (1.4 kW kg−1).

KEYWORDS: substrate sacrifice, current collector conversion, energy storage, direct growth, nickel copper oxide

1. INTRODUCTION

The energy crisis places a major strain on existing energy storage
devices. There is currently an impending need to delve into
efficient and effective energy storage devices such as super-
capacitors in addition to batteries. The rapid development of
electrochemical capacitors (also known as supercapacitors) has
been witnessed in recent years due to their high power density
and long cycle life, which allow them to be used in many
applications.1−3 Pseudocapacitive materials based on transitional
metal oxides and hydroxides have been demonstrated to be
excellent candidates.4−6 Nickel oxides and several ternary oxides
containing nickel such as NiCo2O4 and NiMoO4 are promising
electrode materials by means of their environmentally benign
nature, low cost, high theoretical capacitance, and excellent
pseudocapacitive properties.7,8

Unfortunately, most of the effort has been put only on the
active material itself rather than on the entire components of a
supercapacitor device as a whole, that is, active materials, current
collectors, and electrolytes. When considering the later
application and packaging, the match of these three elements
needs to be optimized, and an increase in weight percentage of
the active material in the whole device is needed. Only then can
the overall energy storage capacity be uncompromised.
Hitherto, three fabrication methods have been predominantly

used to synthesize electrode materials: (1) slurry-casting a paste
containing nanoparticles, binders, and ancillary conducting

materials onto a current collector,9−11 (2) direct growth of
electrode nanomaterials on the conductive scaffold/current
collector,12−14 and (3) deposition of a thin-film of active material
onto a conductive collector substrate, such as a metal foil or tin-
doped indium oxide (ITO)-coated glass.15 The first method
enables electrodes to be made from virtually any powdered
material. However, the employment of binder can cause some
problems, especially for pseudocapacitive electrodes. For
example, some “dead sites” are formed by “burying” the surface
of the active material,16 and this will generate extra contact
resistance which deteriorates the performance of the super-
capacitor. For the second method, although fast charge/
discharge kinetics are observed due to the presence of a highly
conductive network throughout the electrode, achieving intimate
adhesion between the material and the current collector remains
challenging. For the third method, if the thickness of the film is
too small, the capacitance and rate capacity may be over-
estimated. In addition, the total energy storage for such a
structure is small. Therefore, it would be beneficial for
supercapacitor performance if part of a current collector can be
converted into the active electrode material.
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Grounded in the aforementioned analysis, we propose and
attempt to convert part of a current collector into the electrode
material. Though the structure of the current collector (such as
nickel foam, copper foam, and stainless steel foam) is three-
dimensional (3D) at the macro level, it is still flat at the micro
level. Therefore, we attempted to increase the surface area of the
foam structure by transfering the flat surface into nanowire
structure in situ. The increased surface area/roughness will then
facilitate the growth of other active materials on it. We hope that
the example this work constitutes could have some application
significance. This approach represents a new direction for
enhancing the device performance of metal oxide/metal current
collector-based electrochemical supercapacitors and can open
new opportunities in the near future for designing high-
performance energy storage devices.
Herein, the 3D hybrid electrode material was converted from

the metal collector via a simple two-step process. First, CuO
nanowires were obtained through the controlled oxidation of a
piece of copper foam. Next, nickel copper honeycomb-like
hybrids were achieved by hydrothermal reaction without the
need of hard/soft templates or precipitate-controlling agents. In
our proposed approach, the delamination of the electrode from
the collector, a problem commonly faced when the electrode is
grown on the collector directly, is not observed. This may be
because the current collector (Cu) participates in the formation
of active electrode in our collector-electrode conversion
approach. Benefiting from the integrated structure, the obtained
porous oxide could deliver a high specific capacitance of 2.97 F
cm−2 at 5 mA cm−2. To demonstrate the applicability of our
design, we also fabricated both liquid and solid state asymmetric
supercapacitors and compared them in this report.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Copper Hydroxide Nanowires. The typical

reaction process for the synthesis of CuO nanowires was as follows.
First, copper foam (bought from Latech Scientific Supply, Singapore)
was cut into small pieces. Then, a piece of copper foam (20 × 20 × 1.5
mm) was cleaned in the ultrasonic bath with absolute ethanol and
deionized water to remove adsorbed dust and surface contamination.
Then, an aqueous solution was prepared by mixing 20 mL of
(NH4)S2O8 (0.02 mol L−1) and 20 mL of NaOH (0.5 mol L−1)
together. After a few minutes of stirring, the treated copper foam was
suspended in the prepared solution. The mixed solution was placed at
room temperature for about 30 min (already optimized), and then the
copper foam was extracted from the solution, rinsed with water and
ethanol several times, and dried at 80 °C in air.
2.2. Synthesis of Nickel Copper Oxide. In a typical synthesis,

sodium acetate (2.5 mmol) and nickel sulfate (2.5 mmol) were dissolved
in 25 mL of deionized water. After the solution was stirred for 30 min,
the above solution was transferred into a Teflon-lined stainless steel
autoclave. Hydrothermal synthesis was run under a given temperature of
120 °C for 8 h and then cooled to room temperature. Afterward, the
substrates were taken out and cleaned by ultrasonication for several
minutes to remove the loosely attached products on the surface, and
then dried at 80 °C in an oven overnight.
2.3. Characterizations. The morphology of the prepared samples

was examined by using a scanning electron microscope with an X-ray
energy dispersive spectrometer (SEM, Zeiss SUPRA40). The crystal
structure was identified using X-ray diffraction. Transmission electron
microscopy and electron diffraction (TEM, JEOL 2000FX) were
employed to obtain high resolution image and structural information.
The composition of the products was examined by energy-dispersive X-
ray spectroscopy (EDX) attached to the TEM. The surface function
groups were investigated by X-ray photoelectron spectroscopy (XPS)
(AXIS Ultra). Electrochemical Measurements were carried out in an
aqueous KOH (1M L−1) where NCO/Cu foam was directly used as the

working electrode without any polymer binder or conductive addictives,
a platinum foil as the counter electrode, and a standard calomel
electrode (SCE) as the reference electrode. Electrochemical impedance
spectroscopy (EIS) measurements were conducted by applying an AC
voltage with 5mV amplitude in a frequency range of 0.01 Hz to 100 kHz.
All of the electrochemical measurements were performed on a Solartron
1470E multichannel potentiostat/cell test system.

2.4. Fabrication of ASCs.The ASCs were assembled by usingNCO
as positive electrode and reduced graphene oxide as negative electrode.
Briefly, the NCO/Cu foam (2 × 1 cm in a rectangular shape) directly
acted as the positive electrode without any ancillary materials. The
weight gain is around 3 mg. RGO (80%, Graphene Supermarket) and
carbon black (20%) were mixed and dispersed in ethanol to obtain a
slurry, which was then coated onto the nickel foam current collector
(same area as copper foam, 2 × 1 cm) with a spatula. Finally, the as-
prepared negative electrode was dried in an oven at 80 °C for 24 h. The
mass loading of the material was around 7.5 mg cm−2. KOH/PVA gel
was prepared by mixing KOH (6 g) and PVA (6 g) in 60 mL of
deionized water and heated at 85 °C under stirring for 10 h. The device
to power the LED was the same as the ASC except that the area is 2 × 2
cm instead of 2 × 1 cm. After evaporation of excess water, the two
electrodes were assembled together with two pieces of filter paper as a
separator (denoted as NCO//RGO ASCs device).

3. RESULTS AND DISCUSSION
This work studies the collector-electrode conversion efficiency
by employing a room-temperature solution method together

with the hydrothermal method, characterizing the samples and
evaluating the energy storage performances.
Different from many other methods, our approach does not

use surfactants (such as CTAB (cetyltrimethylammonium
bromide)/SDS (sodium dodecyl sulfonate))17−19 or hydrolysis
agents (such as urea)20−22 to obtain metal oxides, because it is
difficult to remove the surfactant without destroying the
structural integrity.23,24 Furthermore, from an environmental

Figure 1. Schematic images showing the two-step collector-electrode
conversion: (left) from bulk copper to (middle) copper oxide nanowires
through controlled oxidation and then (right) nickel copper oxide
electrode through hydrothermal reaction.

Figure 2. X-ray diffraction patterns of the material prepared in each
processing step: (a and a′) after oxidation of copper foam and (b and b′)
after hydrothermal reaction.
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perspective, the use of chemicals should be minimized where
possible. Besides, the rate of growth of the active material can be
controlled more easily when fewer chemicals are consumed.
Having good control is necessary to get high-quality material
with better stability.25,26

3.1. Morphology, Crystal Structure, and Composition.
The synthesis protocol is proposed and illustrated in Figure 1.
Nanowires are first formed from the copper substrate via a
controlled oxidation process. The nanowires are then trans-
formed into a hybrid in the hydrothermal process. Figure 2a,a′
display the XRD pattern of the copper foam after controlled
oxidation. It can be seen that the CuO peaks (JCPDS No.02-
1067) are present in addition to Cu. After the hydrothermal
process, as seen in Figure 2b,b′, in addition to the strong peaks of
copper foam, the XRD pattern can be readily indexed to cubic
Cu0.2Ni0.8O phase (JCPDS No.25-1049). However, because of
the existence of solid solution CuxNi1−xO with similar crystal
structure to NiO, there still no plenty of evidence for the
proportion of Ni/Cu (4:1).
A 3D network structure of copper foam, possessing flat and

clean surfaces without any detectable oxide layer, can be

observed in Figure 3a. After the controlled oxidation process, a
3D nanowires network was formed (Figure 3b). These
nanowires were confirmed to be CuO based on the XRD

Figure 3. Typical FESEM images of surface morphology of (a) original
copper foam; (b) after the first processing step, oxidization; (c) after the
second processing step, hydrothermal reaction.

Figure 4. (a) Transmission electron microscopy (TEM) image of a
single copper oxide nanowire, and the inset is the SAED pattern; (b)
TEM image of hybrid nickel−copper oxide (NCO); (c) SAED pattern
of the hybrid nickel−copper oxide; and (d) high-resolution image of the
hybrid nickel−copper oxide.

Figure 5. Original and curve-fitting results for the XPS spectrum of
NCO: (a) Ni and (b) Cu.

Figure 6. (a) STEM image and the elemental mapping images for (b)
Cu, (c) Ni, and (d) O.
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pattern shown in Figure 2b. The nanowires, with a typical length
of 2−3 μm and a diameter of 20−50 nm, overlapped with each
other, forming interconnected network. After the hydrothermal
process in the second step, the nanowires became thicker and
nanowalls formed (Figure 3c and inset). The thickness of the wall
is about 10−20 nm. The wall branches interconnect with each
other, forming a self-supported 3D porous structure. The flakes
are connected and form nanosized open channels. The
morphology is similar to both the reported graphene pieces27,28

and the naturally existing honeycomb structure. The folding silk-
like morphology (Figure 3b inset) further indicates its ultrathin
nature. The honeycomb structure is inspired by the survival of
biologic structures after millions of years of natural selection.29

This structure allows the minimum amount of materials to
achieve light weight at low material cost.30 This morphology is
suitable for supercapacitor application because the surface area is
high, and the charge generated can easily move from flake to
flake.
The TEM image (Figure 4a) shows that the CuO nanowires

are thin and rough. The diameter of this nanowire is less than 20
nm. The SAED pattern (Figure 4a inset) reveals that the
nanowires are CuO, in agreement with the XRD result. The
NCO consists of nanosheets (Figure 4b), consistent with the

Figure 7. (a) Cyclic voltammetry (CV) curves at different scan rates; (b)
galvanostatic charge/discharge (GCD) curves of the hybrid nickel−
copper oxide at different current densities; (c) CV curves at 10 mV s−1,
and (d) GCD curves at 5 mA cm−2 of pure Cu foam, CuO on Cu foam,
and Cu0.2Ni0.8O on Cu foam.

Figure 8. Cycle performance of the hybrid nickel−copper oxide
measured at a current density of 5 mA cm2. The inset is the galvanostatic
charge/discharge curves after 1600 cycles.

Figure 9. Electrochemical performance of full cell device (a) CV curves
of NCO as electrode in 1.7 V SCs using 1ML−1 KOH as electrolyte; (b)
galvanostatic charge/discharge curves of the full cell device at different
current densities; (c) Ragone plots relate to energy and power densities;
and (d) Nyquist plot for the device.

Figure 10. Photos showing the full components: (a) PVA/KOH gel
electrolyte, (b) negative electrode on nickel foam and (c) positive
electrodes on copper foam; (d) the lighting of an LED, powered by our
all-solid supercapacitor full cell that uses PVA-KOH gel electrolyte.
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observations from SEM images. The SAED pattern rings (Figure
4b) can be indexed to Cu0.2Ni0.8O, consistent with the XRD
results. A TEM image of a typical nanosheet edge taken at a
higher magnification shows that this ultrathin nanosheet consists
of nanograins, and the lattice fringe spacing (Figure 4d) was
measured to be 0.24 nm, corresponding to the {111} lattice
spacing of Cu0.2Ni0.8O.
To further understand the oxidation state of the as-prepared

samples, we used X-ray photoelectron spectroscopy (XPS). The
surface information on the NCO/Cu could be found from the
XPS results displayed in Figure 5. The peak at 852 and 870 eV
(Figure 5a) can be interpreted as a nickel(II) state according to
literature.31−33 The binding energy of 933.5 and 951.8 eV
(Figure 5b) can be attributed to Cu2+ 2p3/2 and 2p1/2.

34,35 The
presence of Ni2+ and Cu2+ was ascribed to nickel copper oxide,
supporting the phase identification of Cu0.2Ni0.8O from XRD and
SAED results. The composition of NCO is further checked by
elemental mapping using scanning transmission electron
microscopy (STEM). The elemental mapping images (Figure
6) clearly show that Cu, Ni and O coexist in the nanoflakes and
are distributed uniformly, which are in good agreement with the
XRD and SAED characterizations.
The possible mechanisms for the formation of Cu0.2Ni0.8O are

proposed as follows. When a piece of copper is immersed in the
solution of sodium hydroxide and ammonium persulfate,
Cu(OH)2, derived from the simple liquid−solid reaction eq 1,
can nucleate and grow into nanowires on the copper substrate.

+ +

→ + + +

Cu 4NaOH (NH ) S O

Cu(OH) 2Na SO 2NH 2H O
4 2 2 8

2 2 4 3 2 (1)

After drying in an oven, the copper hydroxide is transformed
into copper oxide, and the reaction is shown in eq 2.

→ +Cu(OH) CuO H O2 2 (2)

The exact mechanism for the formation of nanowires is still
unclear according to literature.36,37 We propose the following
explanation: in a complex and nonequilibrium reaction system,
the highly alkaline conditions favor the coordination of OH−

group to Cu2+ chains along one direction. Juxtaposing the chains
and the difference in the growth rate of different crystal faces
finally determine the nanowire morphology.38−40

To control the size and porosity of copper nanowires, we
altered the experimental parameter. When the time is short, the
nanowires are scattered and short, but when the time is too long,
agglomeration and other flakes could be seen. Thus, we choose
the optimized time (30 min) to grow the nanowires.
In the second processing step, the sample obtained from the

first step is immersed in a solution of nickel sulfate and sodium
acetate. Hydrothermal processing is then performed. Because
nickel and copper have similar radii and their oxides have similar
crystal structure, they are able to precipitate together and
Cu0.2Ni0.8O is formed eq 3.

+ + +

→ + +

CuO 4NiSO 8NaCH COO 4H O

5Cu Ni O 4Na SO 8CH COOH
4 3 2

0.2 0.8 2 4 3 (3)

As the second step (hydrothermal) is performed under high
temperature and high pressure hydrothermal conditions, the
reaction is promoted. The detailed mechanism is still under
investigation.
3.2. Electrochemical Performance of Cu0.2Ni0.8O in

Three-Electrode Configuration. To evaluate the electro-

chemical performance, cyclic voltammetry (CV) and galvanic
charge−discharge (GCD) measurements were performed. The
shape of the CV curves shown in Figure 7a indicates
pseudocapacitive behavior. The electrochemical electron-trans-
fer process mainly involves the Faradaic redox process related to
Ni2+/Ni3+.41 The much reduced peak separation (only 0.16 V) of
our Cu0.2Ni0.8O sample demonstrates greatly enhanced reaction
kinetics. This result shows high rate capability which is important
in supercapacitor application. It is also noted that the shapes of
CV curves do not vary much with the increase of scan rates (from
5 to 50 mV s−1). Only a slightly shifted peak position is observed,
suggesting fast electron transport due to an excellent contact
between Cu0.2Ni0.8O and the Cu current collector. Galvanic
charge−discharge results are presented in Figure 7b, indicating a
rapid response. The electrochemical performance of pure CuO
nanowires synthesized from the first step is revealed in Figure S2
(SI). We note that because the current collector is consumed, the
use of areal capacitance is more reasonable. The comparison of
pure Cu foam current collector, CuO onCu foam (product of the
first step), and Cu0.2Ni0.8O on Cu foam (product of the second
step) is shown in Figure 7c,d. From the result, pure Cu foam has a
very small capacitance about 0.005 F cm−2. It can also be seen
that the CuO itself does contribute to the supercapacitor
performance. Because the weight decreases after the first step, the
calculated areal capacitance of copper oxide nanowires is about
0.08 F cm−2. While an areal capacitance of 3 F cm−2 is obtained
for Cu0.2Ni0.8O. The above result also shows that the
contribution of pure copper nanowires is very small (less than
3%) and the improvement after the hydrothermal step is
significant (almost 40 times). The gravimetric capacitance results
are estimated to be about 2300−2450 F g−1. (Note that the
weight here is the weight gain before and after the growth.
Though the Cu foam is consumed, the total weight is increased
by 5 mg after the completion of both processes.)
It is known that that the specific capacitance value depends on

the constant current density. A higher current density gives a
lower specific capacitance because of ion diffusion and internal
resistance. To show that our devices are primary energy storage
devices with high rate capability, capacitances at high current
densities are also measured. It is worth mentioning that the
capacitance values do not decrease much from 1mA (Supporting
Information, Figure S1) to 80 mA (Figure 7b), indicating the
good rate performance of the electrode. The capacitance
achieved at 20 mA is 2309 F g−1, similar to the capacitance
obtained at a low current of 1 mA. The counterions hereby can
reach or leave the surface of the Cu0.2Ni0.8O electrode quickly
even at a high charge−discharge rate. In addition, Cu0.2Ni0.8O
with thin layers can shorten the charge transport distance.
Therefore, the porous honeycomb-like structures of Cu0.2Ni0.8O
enable high dynamics of charge propagation and short electron
transport paths and consequently improve the electrochemical
performance, supporting literature expectations.42,43

Cycle life of a supercapacitor is a crucial parameter for its
practical application. Galvanic charge/discharge measurement at
5 mA cm−2 is performed (Figure 8). Excellent specific
capacitance retention is found, with only 6.5% decay after 1600
cycles. It is also observed that the structure/morphology
remained almost intact after 1600 cycles (Figure S5a, SI, SEM
image of the material after cycling). The good mechanical
contact between the active material and the current collector
derived from the direct oxidation of current collector is favorable
for long cycles. There are three possible reasons for the
remarkable electrochemical stability: (1) almost complete and
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uniform coverage of Cu0.2Ni0.8O on the copper foam which can
provide equally efficient pathway for electronic and ionic
transport, (2) good contact between the active Cu0.2Ni0.8O
electrode and the Cu current collector because the current
collector itself participated in the formation of the active material,
and (3) the unique morphology of the honeycomb-like
Cu0.2Ni0.8O is stable. We used ultrasonication to test the quality
of the contact. After ultrasonication for half an hour, no visible
particles could be seen in the beaker, and the weight change is less
than 0.1%.
3.3. Full Cell of Cu0.2Ni0.8O Based Asymmetric Super-

capacitors (ASCs). To further assess the NCO electrode for
commercial application, we have fabricated and tested ASCs in
both liquid and solid electrolyte.
Asymmetric supercapacitors consisting of anode, cathode, and

electrolyte were made in this work (Experimental Section). The
advantage of a asymmetric full cell is the combination of a
battery-like Faradaic electrode as the energy source and a
capacitive electrode as the power source, offering the advantages
of both supercapacitors (rate, cycle life) and advanced batteries
(energy density).44,45 The attractive features lie in the high
specific capacitance and the wider operating potential window.
The weight ratio of RGO to NCO was controlled at about 5:1.
This ratio was based on both experimental optimization and two
theories. According to Zheng’s work, the energy density could
reach the maximum value when the ratio of negative electrode to
positive electrode was 4:1.46 According to the theory of balancing
the charge stored at negative electrode and positive electrode47

and by calculating the window and capacitance of the two
electrodes, the mass should be 6:1. Thus, we chose the optimal
one to be 5:1.
The capacitive behavior of the full cell is investigated in this

work. To avoid possible atypical data, the new full cell was
polarized for a few cycles until stabilization48 and the stable
electrochemical window was determined before cycling the full
cell. After tentative examinations, the stable potential window of
the ASC can be determined to be 1.7 V without obvious
polarization curves or observable oxygen evolution. It is found
that the voltammograms remain the same without any obvious
distortion even when the scan rate increases to 50 mV s−1. This
suggests a desirable high-rate power delivery. The calculated
specific capacitance of the asymmetric full cell is 2.03 F cm−2

(specific capacitance of the entire cell was calculated to be about
148 F g−1) at a current density of 5 mA cm−2. The specific
capacitance, energy density and power density of a super-
capacitor is calculated from the galvanostatic discharge process
according to eqs 4, 5, and 6 following literature.49,50

= Δ
Δ

C
I t

S Vsp (4)

=E
1
2

CV2
(5)

where, I is the discharge current (A),Δt is the discharge time (s),
ΔV is the voltage change (V), and S is the area of the electrode
(the area of copper current collector, cm2). Figure 9a,b show CV
curves at different scanning rates and galvanostatic charge/
discharge curves at different current densities for the full cell. It
can be seen that the CV curves are roughly rectangular, and the
discharge curves are almost linear. Figure 9c shows Ragone plots,
in which the superior device performance of our asymmetric
supercapacitor is highlighted. The gravimetric energy density
(based on the weight gain of the active material in both

electrodes, here 3 + 15 = 18 mg) decreases only from 90 to 53
Wh kg−1 when the power density greatly increases from 472 up
to 1445 W kg−1. Because the weight of the active material cannot
be estimated accurately, we also report the areal energy density
and power density in addition to the gravimetrical ones. The
areal energy densities (here, based on area of copper current
collector, is 2 cm2) of the full cell calculated is from 0.5 to 0.8
mWh cm−2 at the different power densities from 4.2 to 13 mW
cm−2. The match of energy density and power density of the full
cell uncovers the promising application of supercapacitors
achieved by using this novel approach in converting electrode
from part of substrate (current connector).
Because the use of solid state electrolytes offers a number of

desirable advantages such as ease of handling/packaging,
scalability, less leakage, improved safety and flexibility, high
reliability, wide operation temperature range, and so forth,51−54

we have also assembled a solid state supercapacitor full cell using
gel electrolyte and studied its electrochemical performance.
From the CV curves in the three-electrode configuration

(Supporting Information, Figure S2a), the redox reaction in the
gel electrolyte is less pronounced and the peak current is lower
than that of the liquid electrolyte. The most recognizable
difference from the shape of CV curves is the disappearance of
the anodic peak. It has been reported that the insertion of bulky
ions may shift the peak positions.55,56 In our case, the redox peak
shifted positively, overlapping the peak of oxygen evolution. This
could because that inserting/expulsing bulky PVA chains in the
solid electrolyte needs a higher overpotential than that of small
ions in water. It is reasonable or understandable that the
electrode in gel electrolyte cannot perform as well as in a liquid
electrolyte, as it is difficult to retain a close solid−solid
electrode−electrolyte interface.57
To scrutinize the charge transfer, electrochemical kinetics, and

internal resistance differences between the liquid and solid
electrolyte, factors which influence the supercapacitor perform-
ance, electrochemical impedance spectroscopy (EIS) measure-
ments are performed in the same setup as the CV and GCD
studies. Figure 9d and Figure S4d (SI) show the Nyquist plots
when employing KOH and KOH/PVA gel polymer for the ASCs
with enlarged high frequency regions (inset). Both have ideal
electrochemical capacitance behavior, for example, imaginary
parts of impedance at the low-frequency region are nearly linear,
and a slightly depressed semicircle at higher frequency.58,59 In the
high-frequency region, the intersection of the curve at real part
axis indicates the bulk resistance of the electrochemical system
(electrolyte resistance, intrinsic resistance of substrate, and
contact resistance at the active material/current collector
interface).60 The diameter of semicircle is determined by the
charge transfer resistance (Rct) at the interface between the
electrode material and the electrolyte.61 From the enlarged view
of the higher frequency semicircles, it can be seen that the
supercapacitor with gel electrolyte has a slightly lower inner
resistance but a larger charge transfer resistance. Better
accessibility of the pores to the electrolyte ions of the liquid
electrolyte than those of the gel electrolyte, which is confirmed
by the reduction of the semicircle width, is shown.
To evaluate the feasibility of our supercapacitor device, we

used it to power small electronic devices. The device was
fabricated by sandwiching a KOH/PVA gel between a positive
electrode (our NCO/Cu foam) and a negative electrode (RGO/
Ni foam). Two pieces of filter paper were also used as the
separator to avoid short circuit. Each component of the
supercapacitor device is shown in Figure 10. It should be
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highlighted that this is a fully solid state supercapacitor without
sealing and does not have the risk of liquid leaking. After charging
for only 30 s to ∼1.75 V, the device was able to light up a 5 mm
diameter red light emitting diode (1.8 V, RS component) for 2
min.

4. CONCLUSIONS
A nickel copper oxide electrode is converted from part of a
copper collector (substrate) by two-step chemical processing
without any surfactant or precipitate controlling agents. The
advantage of this novel process is that the copper foam current
collector itself participates in the formation of the active material
so that the contact problem between active material and current
collector does not exist anymore. A unique honeycomb-like
morphology is formed on the electrode and was found to be
stable. The application of this electrode/collector in super-
capacitor is very promising. A high areal capacitance of 2.97 F
cm−2 at a current density of 5 mA cm−2 is achieved. An
asymmetric full cell prototype has been assembled, using our
material as the anode and reduced graphene oxides as the
cathode. The ASC full cell is capable of affording a high areal
capacitance of 2.03 F cm−2 and energy density of 0.8 mWh cm−2

at room temperature in liquid electrolyte. A solid-state
supercapacitor full cell incorporating our material is assembled
and shown to be able to light up a LED for minutes.
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