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ABSTRACT: The development for environmentally friendly
energy conversion and storage equipment has given rise to
tremendous research efforts as a result of the growing require-
ments for environmental friendly resources and the rapid
consumption of traditional fossil fuel. Herein, a novel hierarchical
CoO/NiO—Cu@CuO heterostructure is successfully devised and
synthesized. Cobalt/nickel ions are used to generate novel CoO/
NiO-doped laminated CuO nanospheres through the facile in situ
wet oxidation combined with cation exchange and calcination
strategies. As a result, the electrochemical supercapacitance of the
as-prepared CoO/NiO—Cu@CuO electrode can reach 875 C
cm™? (2035 mF cm™2), which exhibits much better electro-
chemical performance compared to other precursor electrodes at a
same current density of 2 mA cm™> Moreover, an excellent rate capacity of 1395 mF cm™ (50 mA cm™) can be achieved when
measured at a relative high current density; 90.3% of the initial supercapacitance remains even after 5000 cycles. Furthermore,
the as-prepared hierarchical hybrid of laminated CoO/NiO—CuO nanospheres in situ generated on three-dimensional (3D)
porous Cu foam is applied to prepare a solid-state asymmetric supercapacitor equipment unit. The fabricated equipment unit
shows an energy density of 69.3 W h kg™" at a power density of 1080 W kg™". Additionally, the commercially applied 2.5 V light-
emitting-diode indicator with blue light can be energized for 4 min when two as-fabricated supercapacitor devices are in series
connection. The unique hierarchical heterostructure of the novel laminated nanospheres combined with the 3D grid structure
brings about the outstanding electrochemical capacitor performances. This strategy for the fabrication of hierarchical
heterostructure electrodes could have an enormous potential for high-performance electrochemical equipment.
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1. INTRODUCTION

Tremendous research attention has been dedicated to explore
environmentally friendly energy-conversion and -storage nano-
materials owing to the growing requirements for sustainable
energy sources and the vast consumption of traditional fossil
fuels."”” In particular, developing high-efficiency energy storage
devices is an urgent need for driving various kinds of electric
automobile, electronic equipment, and handy facility.>~® As an
important component of the sustainable energy devices,
electrochemical energy storage equipment has attracted
extensive attention and has become an important candidate
for energy storage gradually.7 After a period of time,
electrochemical supercapacitors (SCs) have become one of
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the most important alternates owing to their ultrahigh power
and energy densities, admirable safety, and super-recyclability
compared to the traditional storage equipment, such as the

810
& Graphene, carbon nanotubes, and

rechargeable batteries.
other carbon materials with large specific surface area,
extraordinary chemical stabilization, and excellent conductivity
characteristics in general store energy through the electrostatic
adsorption and desorption mechanism at electrode and

electrolyte interfaces, which are commonly regarded as
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electrical double-layer capacitor-type electrode materials."
While pseudocapacitors store energy mainly through the fast
and reversible faraday redox reactions on the basis of
transition-metal oxides/hydroxides/sulfides and conductive
polymers.”'" Furthermore, the specific capacitance and energy
density of pseudocapacitor are usually higher than those of
EDLC because of the fast faraday redox reactions.”®'* For
achieving high-performance SCs, the electrode materials are
needed to have a large specific area, high conductivity, low
fabrication cost, abundant active sites, and satisfactory
electrochemical stability.'> Many kinds of material system
have been designed and prepared to improve the electrode
performances, among which the redox-active transition-metal
oxides with desirable conductivity and high reactive oxidation
states exhibit huge advantages in the supercapacitor fields.””"*

Ruthenium dioxide was extensively utilized as an excellent
electrode material for electrochemical storage devices among
various transition-metal oxides. However, the drawbacks of
high cost and toxicity severely limit the practical applications.
Hence, it is necessary to exploit new, low-cost electrode
materials.'>'® Recently, copper oxide (CuO) has attracted
significant attention on account of its low cost, eco-friendliness,
extensive sources, and ultrahigh specific capacitance.’~*" For
its application in pseudocapacitors, the theoretical pseudoca-
pacitance of CuO was approximately 1800 F g~'.»** In
consequence, various strategies have been explored for the
preparation of diverse nanostructures for copper oxide.””**
Nevertheless, the single-phase metal oxide was limited by the
poor ion-diffusion rate and electrochemical stability, which
may be unable to meet the growing high requirements.””* To
solve the above problems, one strategy is to develop hybrid
nanocomposites with various hierarchical structures and
unique morphologies, especially in the form of hierarchical
nanoarrays directly generated on substrates to enhance the
electrochemical conductivity.”® Such hierarchical nanoarrays
could be directly employed as electrodes for electrochemical
applications.””'%** Furthermore, efforts aiming to enhance the
supercapacitor properties based on copper chalcogenide still
face challenges, and achieving high capacitance for practical
application is still in urgent demand.”*’

In this work, novel laminated CoO/NiO—CuO nanospheres
were generated with the assistance of cobalt/nickel ions via a
facile in situ wet oxidation combined with cation exchange and
calcination strategies. In addition, the as-prepared hierarchical
heterostructure of CoO/NiO—Cu@CuO was directly utilized
to prepare a freestanding electrode, which displayed an
outstanding electrochemical supercapacitor performance. The
fabricated CoO/NiO—Cu@CuO electrode presented an
outstanding supercapacitance of 875 C cm™* (2035 mF
cm™2) at 2 mA cm™2 Moreover, an excellent rate capacity of
1395 mF cm™2 (50 mA cm™2) can be achieved when measured
at a relatively high current density; 90.3% of the initial
supercapacitance remains even after 5000 cycles. The as-
prepared asymmetric supercapacitor (ASC) equipment unit
exhibited an energy density of 69.3 W h kg™ at a power
density of 1080 W kg™'. Furthermore, the commercially
applied 2.5 V light-emitting-diode indicator with blue light can
be energized for 4 min when two as-fabricated supercapacitor
equipment units are in series connection. Therefore, the
prepared hierarchical heterostructure of CoO/NiO—Cu@CuO
could have an enormous potential for the preparation of
ultrahigh-performance electrochemical equipment for practical
applications.
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2. EXPERIMENTAL SECTION

2.1. Reagents. All of the nickel and copper foams were bought
from Shanghai Zhongwei New Material Co., Ltd. Hydrochloric acid
was produced by Tianjin Fuyu Fine Chemical Co., Ltd. Acetone,
ethanol, sodium hydroxide (NaOH, AR), potassium hydroxide
(KOH, AR), acetylene black (AR), activated carbon (AC), sodium
thiosulfate pentahydrate (Na,S$,0;-5H,0, AR), ammonium persulfate
((NH,4),S,04, AR), polyvinylidene fluoride (PVDF, AR), cobalt(II)
chloride hexahydrate (CoCl,-6H,0, AR), and nickel(II) chloride
hexahydrate (NiCl,-6H,0, AR) were all bought from Sinopharm
Chemical Reagent Co., Ltd. The above-mentioned chemicals were
utilized as bought without any purifications. The used deionized water
was produced by a Flom ultrapure water instrument with a resistivity
of 182 MQ cm™.

2.2. Synthetic Strategy of Cu(OH), Nanorods. Typically, the
bought Cu foam was ultrasonically washed with hydrochloric acid,
acetone, ethanol, and deionized water and placed in a vacuum oven
under 50 °C to be dried adequately. Typically, 2.5 mol NaOH
aqueous solution (10.0 mL) and 0.125 mol (NH,),S,05 aqueous
solution (10.0 mL) were mixed. Then, a uniform transparent solution
would be achieved by continuous stirring. Subsequently, the dealt Cu
foam was then placed into a preprepared solution for 10 min at the
ambient temperature. After the reaction, the resulting light blue Cu
foam was cleaned using deionized water. Later, Cu@Cu(OH,) was
obtained through drying at 50 °C in the vacuum oven. Additionally,
the mass loading of Cu(OH,) nanorods is 3.1 mg cm ™

2.3. Synthesis of CuO Nanowires. Cu@CuO was generated via
a calcination procedure from the prepared Cu@Cu(OH,) precursor.
In a typical procedure, Cu@Cu(OH,) underwent thermal treatment
through a tubular furnace and exposed to a nitrogen atmosphere with
a flow of 5 °C min™" at 200 °C for 2 h. Subsequently, brownish black
Cu@CuO nanoarrays were obtained. The mass load of CuO
nanowires is approximately 2.5 mg cm™>

2.4. Preparation of CoO/NiO-Doped Laminated CuO Nano-
spheres on Copper Foam (CoO/NiO—Cu@CuO). The CoO/NiO-
doped novel laminated CuO nanospheres were generated with the
assistance of Co®* and Ni** ions using CuO nanowires as precursor.
Briefly, 12 mg of CoCl,-6H,0 and 12 mg of NiCl,-6H,0 were
dispersed into 70 mL of a mixed solvent containing 30 mL of ethanol
and 40 mL of deionized water to achieve a homogeneous solution. In
addition, a comparison sample was also prepared without adding
CoCl,:6H,0 and NiCl,-6H,0. Subsequently, 40 mL of 1.5 M
Na,S,0;-5H,0 was added to the preprepared solution dropwise and
stirring for 30 min. The generated Cu@CuO nanowires were
immersed in the above-mentioned suspension at an ambient
temperature for 3 h. After that, the obtained product was cleaned
with deionized water repeatedly and subsequently dried in an oven.
Finally, the generated CoO/NiO-doped laminated Cu@CuO nano-
spheres on three-dimensional (3D) copper foam was calcined in a
tube furnace and exposed to an air atmosphere at 300 °C for 2 h.
After that, a black copper foam was obtained. The mass of CoO/
NiO—CuO nanospheres is found to be about 2.3 mg cm™

2.5. Instruments. The structure and morphology of the
synthesized materials were analyzed by a scanning electron micro-
scope working at a voltage of 10 kV, and the relevant energy-
dispersive X-ray spectroscopy (EDX) elemental mapping images were
taken through a scanning electron microscope of JEOL JSM-6700F
with a potential of 20 kV. X-ray photoelectron spectroscopy (XPS)
measurements were carried out through a spectrometer of Kratos Axis
Ultra DLD. The crystalline compositions of the synthesized samples
were measured by an X-ray diffractometer with Cu Ke radiation.

2.6. Electrochemical Performance Tests. The supercapacitor
performances were measured in a 6 M KOH aqueous solution
through the electrochemical workstation. In the three-electrode
measurement, the fabricated material (1.0 X 1.0 cm*) was applied
as the working electrode, while the Pt as negative and HgO as the
reference electrodes. At different scan rates, the cyclic voltammetry
(CV) curves were measured in the voltage range of 0.15—0.58 V.
Meanwhile, the galvanostatic charge/discharge (GCD) curves were
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Scheme 1. Schematic Diagram for the Stepwise Synthesis of Novel Laminated CoO/NiO—CuO Nanospheres in Situ Generated
on CuO Nanowire Arrays Precursor with the Assistance of Cobalt/Nickel Ions
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also measured under the same range at different current densities.
Electrical impedance spectroscopy (EIS) was tested at an open-circuit
potential of 5 mV, and AC disturbance ranges from 0.01 Hz to 100
kHz frequency response. The electrochemical specific capacitances
were figured out through the below equation

I / VAt
Cy, =
A sV?

(1)

where C, (F cm™) is the areal supercapacitance, I, represents the
current of discharge, ¢ (s) refers to the time of discharge, V (V) means
the voltage range, and s (cm?) is the reacted acreage of the material.

2.7. Preparation of KOH/PVA Hydrogel Electrolyte. Typically,
2 g of PVA was immersed in 20 mL of deionized water at the
temperature of 80 °C with continuous vigorous stirring to get a
homogeneous solution. As a result, a clear viscous solution was
obtained after 3 h. After the solution was cooled to about 65 °C, 10
mL of 6 M KOH aqueous solution was then dropped into the
preprepared solution and stirred constantly until complete dissolution
and formation of a jell-like solution, which was then cooled to
ambient temperature to obtain the KOH/PVA hydrogel electrolyte
for further use.

2.8. Preparation of an All-Solid-State Asymmetric Super-
capacitor (ASC) Equipment Unit and the Electrochemical
Tests. Polyvinylidene fluoride (PVDF), acetylene black, and active
carbon were dispersed into ethanol in a ratio of 8:1:1 to achieve a
homogeneous solution. The target material was obtained after drying
in vacuum at 50 °C for § h. Subsequently, 10 mg of prepared products
were embedded into the nickel foam with the area of 1.0 X 1.0 cm?
Then, the ASC device was prepared by applying the as-prepared
CoO/NiO—Cu@CuO (1.0 X 1.0 cm?) as the working electrode and
AC as the counter electrode, as well as the preprepared KOH/PVA
hydrogel served as the solid gel electrolyte. Typically, the as-prepared
freestanding CoO/NiO—Cu@CuO and AC-coated nickel foam
electrodes were attached on copper films, which worked as a current
collector. Subsequently, the preprepared solid gel electrolyte was
applied on the external surface of the CoO/NiO—Cu@CuO and AC-
coated nickel foam electrodes until saturation. Then, the CoO/NiO—
Cu@CuO and AC-coated nickel foam electrodes were pressed
together with little pressure to enable the KOH/PVA gel electrolyte
on each electrode to combine into one thin separating layer to achieve
the CoO/NiO—Cu@CuO//AC ASC device. Compared to the
supercapacitors packed with aqueous electrolytes and a separator,
the polymer gel electrolytes of KOH/PVA exhibit excellent safety and
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stability. Additionally, the charges of the working and counter
electrodes should maintain a equilibrium relationship, which is
calculated based on the below equation®

q=CXxXmXxAV (2)

where C (F g7') refers to the mass capacity, m (g) represents the
active product mass, V (V) refers to the voltage range, and g
represents the charge loaded in electrode. In addition, the mass ratio
(m*/m™) of electroactive material between two electrodes can be
obtained through the below equation

mt/m™ = C AV /CTAV? 3)

where the electrochemical supercapacitance (F g™') of the synthesized
electrode materials can be evaluated by utilizing C* and C™. V* (V)
and V- (V) represent the potential range of the synthesized sample
and active carbon electrodes, respectively. In addition, the electro-
chemical supercapacitance (C) of the ASC can be gained through the
below equation

~ I/VAt

C 2
mV’

(4)

where I (A) refers to the current of discharge, t (s) represents the
time of discharge, V (V) means to the voltage window, and m (g)
refers to the active product mass. Moreover, the energy density E (W
h kg™") and power density P (W kg™') can be obtained through the

equation as illustrated below

1 2
E=~CAV
2" ()

P =E/At (6)

3. RESULTS AND DISCUSSION

The stepwise fabrication of novel hierarchical CoO/NiO—
CuO nanospheres generated with the assistance of cobalt/
nickel ions based on CuO nanowire arrays precursor is
schematically illustrated in Scheme 1. After the in situ wet
oxidation procedure, the 3D substrate of Cu foam was all
overgrown with Cu(OH), nanorods. Subsequently, bunchlike
Cu@CuO nanowires with slightly curly and connected tops
were derived through the calcination treatment of its Cu@
Cu(OH), nanorods precursor. The CoO/NiO-doped CuO
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Figure 1. SEM images of (a—c) Cu@Cu(OH), nanorod arrays, (d—f) Cu@CuO nanowire arrays, (g—i) the comparison sample without adding
Co*" and Ni** ions, and (j—1) CoO/NiO-doped laminated CuO nanospheres.
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Figure 2. (a) TEM, (b) HRTEM, and (c) the corresponding SAED images of Cu@CuO. (d) TEM, (e) HRTEM, and (c) the corresponding
SAED images of CoO/NiO—Cu@CuO. (g) SEM image and the (h) EDX elemental mapping images of CoO/NiO—Cu@CuO. (i) EDX spectrum
of CoO/NiO—Cu@CuO.

nanospheres were generated with the assistance of Co®* and generated from the rearranged CuO nanowires, which are
Ni** ions, followed by calcination treatment. Interestingly, the tightly bound together. Cobalt/nickel ions were doped into the
obtained CoO/NiO-doped laminated CuO nanospheres were laminated CuO nanospheres during the cation exchange
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Figure 3. (a) Survey XPS spectrum and high-resolution spectra for (b) Cu 2p, (c) O 1s, (e) Ni 2p, and (f) Co 2p of the as-prepared hierarchical
heterostructure of CoO/NiO—Cu@CuO. (d) XRD patterns of all synthesized samples.

process. After calcination process, the CoO/NiO-doped CuO
nanospheres were obtained. This unique and novel character-
istic hierarchical heterostructure with 3D grid structure and
laminated nanospheres possesses a large specific surface area
and accelerates the charge transfer rate as well as the redox
reactions during electrochemical applications.

The structures of the stepwise synthesized samples were first
characterized by scanning electron microscopy (SEM). Cu@
CuO nanowires were generated through a facile calcination
process of its Cu@Cu(OH), nanorods precursor. The SEM
image (Figure S2) of the bare Cu foam shows that Cu foam
has a 3D porous structure with micrometer-sized pores,
demonstrating that Cu foam can be utilized as a good template
for surface modification. As clearly observed from Figure la—c,
the utilized Cu foam was completely overgrown with
intersected Cu(OH), nanorods after in situ oxidation treat-
ment, and the Cu foam still remained the 3D grid structure.
Cu(OH), was gradually transformed into CuO during the
calcination treatment; meanwhile, the bunchlike nanowire
arrays were formed as shown in Figure 1d—f. The diameter of
the obtained CuO nanowire is approximately 105 nm, which is
thinner than the Cu(OH), nanorod of 158 nm. Interestingly,
the Cu foam with reddish brown color was turned into brilliant
blue after wet oxidation and then changed to brownish black
after calcination treatment at 200 °C, as shown in Figure S1,
indicating the phase transformations. The CoO/NiO-doped
CuO nanospheres are generated with the assistance of Co**
and Ni** jons through the cation exchange strategy and
calcination treatment. The obtained products exhibit a totally
different appearance, as shown in Figure 1j—1. Low-
magnification SEM images show that the generated CoO/
NiO-doped CuO nanospheres are homogeneously distributed
on the newly generated 3D grid structure that are fully covered
with slightly curly and tops tangled CuO nanowires. Moreover,
the resulting CoO/NiO-doped laminated CuO nanospheres
are generated from the rearranged CuO nanowires, which are
tightly bound together, as clearly shown in Figures S3 and 1L
In addition, cobalt/nickel ions were doped into CuO
nanospheres during the cation exchange process. After the
calcination process, CoO/NiO-doped CuO nanospheres were

2595

obtained. The average diameter of the as-obtained nanospheres
is approximately 6.7 um. Moreover, as shown in Figure 1g—i,
the CuO nanowires did not tend to form the nanospheres
structure without addition of Co®" and Ni**, indicating that the
added ions play crucial roles in the formation of the
nanosphere morphology. This unique and novel characteristic
hierarchical heterostructure with 3D grid and laminated
nanospheres offers extensive reactive sites and further
promotes charge transfer rate and redox reactions.

The structures and morphologies of the preparative products
were all studied by applying transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM). Figure 2a
presents the TEM image of CuO nanowires, which possess
an average diameter of approximately 70 nm and smooth
surface. The HRTEM image depicted in Figure 2b reveals well-
ordered crystal planes, and the corresponding spacings are
measured to be 0.233 nm and 0.25 nm, which should be
ascribed to the (111) and (111) lattice spacings, respectively.
Meanwhile, as displayed in Figure 2c, the selected area electron
diffraction (SAED) pattern reveals the clear diffraction rings,
indicating the CuO has a good polycrystalline structure.”” The
TEM image of the synthesized CoO/NiO—CuO nanospheres
is displayed in Figure 2d. Moreover, the HRTEM image
depicted in Figure 2e reveals the ordered crystal planes of
CoO/NiO—CuO nanospheres, and the spacings were
measured to be 0.21 and 0.17 nm, which should be attributed
to the (200) and (220) crystal spacings of NiO and CoO,
respectively. The observed SAED diffraction rings demonstrate
the well polycrystalline character of the synthesized CoO/
NiO—Cu@CuO. Furthermore, the EDX spectrum shown in
Figure 2i and its corresponding element mapping images
shown in Figure 2h of CoO/NiO—Cu@CuO evidenced the
presence of Cu, Ni, O, and Co elements with uniform
distribution, which confirmed the successful generation of the
laminated CoO/NiO—CuO nanospheres. The EDX spectrum
of CoO/NiO—Cu@CuO revealed the Cu/O atomic ratio of
1:1.2 and the atomic contents of Co and Ni of 0.19 and 0.74%,
respectively.

Additionally, the valence states of Cu, O, Co, and Ni
elements of the synthesized materials were all studied by XPS
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Figure 4. Electrochemical supercapacitance performance tests performed in three-electrode system. (a) CV curves of the fabricated electrodes
under a scan rate of 50 mV s™%. (b) GCD curves of the fabricated electrodes under 2 mA cm™ (c) CV and (d) GCD curves of the CoO/NiO—
Cu@CuO electrode tested under different scan rates and current densities. (e) Electrochemical supercapacitance of the prepared electrodes
calculated under different current densities. (f) Nyquist plots of the fabricated electrodes. Zoom-in image is shown in the inset. (g) Comparison of
the relevant nanomaterials reported in the literature and this work for supercapacitors. (h) Cycle stability and the coulombic efficiency of
synthesized CoO/NiO—Cu@CuO electrode during 5000 cycles at 50 mA cm™%; the insets show the SEM image obtained after 5000 cycles and
CVs obtained at the Ist and 5000th cycles tested at 100 mV s™'. (i) Diagrammatic sketch for synthesized CoO/NiO—Cu@CuO electrode in

enhancing the supercapacitor performance.

analysis. The precursor and stepwise prepared samples were
studied using XPS, and the results are shown in Figures S4—S6.
The full survey spectrum of the as-obtained CoO/NiO—Cu@
CuO material shown in Figure 3a reveals the presence of Cu,
O, Co, and Ni elements. Figure 3b displays the Cu 2p
spectrum, which can be divided into two major peaks at 932.5
eV (Cu 2p;),) and 9522 eV (Cu 2p,,,) with three strong
statellite peaks located at 940.9, 943.6, and 962.3 eV, which
indicated the presence of CuO in the products.”’ The O 1s
spectrum displayed in Figure 3c can be divided into three main
peaks. It can be seen that two peaks appeared at 531.7 and
529.9 eV, which are attributed to the oxygen atoms. Besides,
the peak located at 530.7 eV should be originated from
Cu(OH),. Figure 3e shows the peak of Ni 2ps,, located at
855.7 eV and Ni 2p,,, appeared at 873.6 eV, which confirms
the main composition of Ni**. Additionally, the peaks
appearing at 861.3 and 873.5 eV should be corresponded to
the satellite peaks of Ni 2p;/, and Ni 2p, /,, respectively. Co
2ps/, located at 780.8 eV can be ascribed to the presence of
Co®" ion, which can be observed in Figure 3£ It should be
noted that the chemical compositions of the synthesized
materials will play critical roles in obtaining the pseudocapa-
citive electrode with high electrochemical performance.
Subsequently, X-ray diffraction (XRD) measurements were
then performed to investigate the crystal structure of the
synthesized products. As shown in Figure 3d, the as-prepared
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samples all exhibit strong diffraction peaks located at 43.4,
50.6, and 74.3°, which should be attributed to copper with
metallic phase (JCPDS No. 04-0836) originated from the Cu
precursor. The observed characteristic peaks of the prepared
Cu(OH), nanorod arrays should be ascribed to the
orthorhombic phase corresponding to JCPDS No. 35-0505,
which confirms its successful synthesis. After the calcination
process, newly generated diffraction peaks attributed to CuO
(JCPDS No. 45-0937) were observed, which clearly indicated
the conversion of Cu(OH), upon thermal treatment.*
Additionally, the positions of the CoO/NiO—Cu@CuO
peaks corresponded to the standard CoO phase (JCPDS No.
48-1719) and NiO phase (JCPDS No. 44-1159), respectively.

Electrochemical supercapacitor performances of the stepwise
fabricated electrodes were all tested through a three-electrode
system. The cyclic voltammograms (CVs) of the CoO/NiO—
Cu@CuO electrode under diverse scan rate (from 10 to 100
mV s') in the voltage range of 0.15—0.58 V are displayed in
Figure 4c. As observed, the shapes of CV curves all reveal
significant redox peaks characters, indicating that the
mechanism mainly depends on the faradaic redox reactions.
Meanwhile, with increasing scan rates, the CV curve shape
changed slightly except for the increased area. Besides, it can
be observed that the current intensity of the fabricated CoO/
NiO—Cu@CuO electrode is the highest among all prepared
electrodes (Figure S7) when tested at the same scan rates.
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Figure S. Electrochemical measurements of the fabricated all-solid-state supercapacitor equipment unit. (a) CV curves of AC and CoO/NiO—Cu@
CuO electrodes which were separately tested through the three-electrode system. (b) CV and (c) GCD curves measured in diverse voltage
windows under the fixed scan rate and current density, respectively. (d) CV curves of the prepared supercapacitor unit measured in the voltage
range of 0—1.8 V under diverse scan rates. (e) GCD curves of the fabricated device tested in the voltage window range of 0—1.8 V under diverse
current densities. (f) Electrochemical capacitance of the prepared device measured at diverse current densities. (g) Ragone plot of the as-fabricated
CoO/NiO—Cu@CuO//AC device compared to the reported literature. (h) Electrochemical cycling stability and coulombic efficiency of fabricated
ASC unit tested at 5 A g™' during 5000 cycles; the initial and final several CV cycles are shown in the inset. (i) Schematic configuration of the
CoO/NiO—-Cu@CuO//AC ASC device and a 2.5 V blue light-emitting-diode indicator powered for 4 min when two as-fabricated ASC devices are

in series connection.

Additionally, Figure 4a shows the CVs of all electrodes
obtained under the scan rate of 50 mV s™!. As seen, the as-
fabricated CoO/NiO—Cu@CuO electrode has the largest CV
curve area and strongest redox peak intensity compared to
other precursor electrodes, indicating its excellent redox
reaction kinetics and outstanding electrochemical properties.
The faradaic redox reactions mainly depend on the following
valence transition of Cu®**/Cu*, Ni**/Ni**, Ni**/Ni*, Co**/
Co*, and Co*/Co* reduction couples. Moreover, the
electrochemcial supercapacitor Eerformances can be illustrated
using the following reactions’>*

2CuO + H,0 + 2¢”
< Cu,O + 20H™ Cu,O0 + H,0 + 20H"
& 2Cu(OH), + 2¢~

CoO + OH™ < CoOOH + ¢ CoOOH + OH™
< CoO, + H,O + ¢

NiO + OH™ © NiOOH + ¢~ NiOOH + OH™
< NiO, + H,O0 + ¢
In addition, the galvanostatic charge/discharge (GCD) tests of

all fabricated electrodes were also carried out, and the curves
are displayed in Figure 4b. Moreover, the CoO/NiO—Cu@
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CuO electrode shows that the discharge time is much longer
than that of other precursor electrodes at the same current
density of 2 mA cm™?, showing no difference with the CV
results. (Figure 4b,d) Furthermore, the discharge time of all
electrodes shortens gradually along with the current density
increase, agreeing with the CV curve results (Figure S7d—f). In
addition, the tested sample electrodes all exhibit similar CV
and GCD curve shapes and tendency. The areal super-
capacitances of the CoO/NiO—Cu@CuO electrode (Figure
4e) are found to be approximately 875, 838, 792, 727, 672, and
608 C cm™ under diverse current densities from 2 to 50 mA
cm ™2 As observed, the CoO/NiO—Cu@CuO electrode
exhibits the highest supercapacitance among all fabricated
electrodes. Additionally, the EIS curves for all fabricated
electrodes resulted from the sinusoidal signal are shown in
Figure 4f. The internal resistance (R;) is usually evaluated
through the intercept on the x axis, which contains the
electrode and electrolyte resistances as well as the interface
contact resistance. As shown the inset in Figure 4f, the Ry
values of all fabricated precursor electrodes were calculated to
be 0.584, 0.597, 0.544, and 0.578 €, respectively. In addition,
the low R, implies that the CoO/NiO—Cu@CuO electrode
has a good conductivity. Moreover, the semicircle domain in
the middle frequency region results from the faradic reactions
between Cu?*/Cu', Ni*"/Ni**/Ni**, and Co*"/Co*'/Co*
transition. The semicircle diameter means the charge transfer
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resistance (R,) at interface. As observed, the CoO/NiO—Cu@
CuO electrode has a comparatively small semicircle, indicating
the lowest R, among all fabricated electrodes. The Warburg
impedance (Z,) can be valuated through the straight line
appearing in the low-frequency region, and the steep slope can
explain a low ion-diffusion resistance between the electrode
and electrolyte. These above-mentioned results show that the
CoO/NiO—Cu@CuO electrode has an excellent electro-
chemical property. Furthermore, the electrochemical cycle
stability of the prepared CoO/NiO—Cu@CuO electrode could
be evaluated through the GCD tests. At a high current density
of S0 mA cm™?, approximately 90.3% capacitance retention
compared to the starting value was observed after S000 cycles,
as shown in Figure 4h. Moreover, the coulombic efficiency
based on galvanostatic charge/discharge was measured to be
95.2%. Additionally, the shape of CVs (inset of Figure 4h)
obtained at the 5000th cycle is similar to that at the 1st one
under the scan rate of 100 mV s, indicating the desirable
cycling stability of the fabricated CoO/NiO—Cu@CuO
electrode. Furthermore, the SEM images of the working
electrode of CoO/NiO—Cu@CuO after electrochemical
cycling tests further evidence its excellent stability and
durability. The morphology of the CoO/NiO—Cu@CuO has
no obvious change, as observed from Figures 4h and S9. In
addition, under a current density of 0.9 A g/, the obtained
CoO/NiO—Cu@CuO electrode shows an excellent super-
capacitance of 885 F g~', which is comparable to or higher
than most of CuO-based electrodes from the literature
recently”'*?**»*~* (Figure 4g). The revealed excellent
supercapacitance of the CoO/NiO—Cu@CuO electrode
should be caused by the unique morphology of the designed
hierarchical heterostructure, as shown in Figure 4i. First, the
synthesized laminated CoO/NiO—CuO nanospheres are
directly distributed on the 3D grid structure with slightly
curly and tops tangled CuO nanowires, which can maintain a
fine interfacial contact between the laminated nanospheres and
the substrate and provides a more active material for
interaction with electrolyte ions. Second, the laminated
CoO/NiO—CuO nanospheres on the grid structure reduce
the diffusion distance of electrolyte ions and speed up the
electron transport rates. This multilevel structure affords more
paths for electrolyte shuttling. Thirdly, the laminated nano-
spheres combined with the 3D grid structure offer a large
specific surface area that increases the quantity of reactive sites,
resulting in an enhanced electrochemical kinetics. Fourth, the
laminated CoO/NiO—CuO nanospheres are generated on the
3D grid structure with strong adhesion as observed in Figure
S3, therefore resulting in a prolonged cycling stability of the
electrode.

An asymmetric all-solid-state supercapacitor (ASC) equip-
ment unit was prepared by applying the CoO/NiO—Cu@CuO
and AC coated with nickel foam as the working and counter
electrodes to investigate its practical application of the
synthesized material. Figure 5a shows the CV curves of AC
and CoO/NiO—Cu@CuO electrodes, which were separately
tested through a three-electrode system. The expand voltage
range of the device should be caused by both of the fabricated
AC and CoO/NiO—Cu@CuO electrodes. The CV and GCD
curves tested under diverse voltage range at a fixed scan rate of
50 mV s~ and current density of 1 A ¢! are shown in Figure
Sb,c. Moreover, the shapes of the CV and GCD curves have no
significant change even after the voltage window was expanded
to be 1.8 V. The CV curves experimented under diverse scan
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rates are shown in Figure Sd. The high working potential is
beneficial to realize the practical voltage via small devices.
Additionally, the GCD curves plotted under various current
densities are shown in Figure Se. The electrochemical
supercapacitance is calculated to be approximately 154 F g~
at 0.6 A g '. Furthermore, the prepared equipment unit
achieves an energy density of 69.3 W h kg™" at a power density
of 1080 W kg™’ as shown in Figure Sg, which is comparable to
or higher than that in the reported literature,®'%>%?*3%37:404>
EIS measurements for the CoO/NiO—Cu@CuO//AC ASC
device were performed using a sinusoidal signal with a specific
scope (0.01 Hz—100 kHz), which is shown in Figure S8. The
equivalent series resistance was calculated to be 1.8 Q
according to the measured Nyquist plots. The slightly
decreased conductivity compared to the CoO/NiO—Cu@
CuO electrode (0.578 Q) in a three-electrode system should
be ascribed to the binder PVA, which blocks the transport of
electrolyte ions. Additionally, the electrochemical super-
capacitance can retain approximately 80.1% after S000 cycles
at S A g7, as shown in Figure Sh. Moreover, the coulombic
efficiency was measured to be 91.5%. In addition, the
schematic diagram of the CoO/NiO—Cu@CuO//AC ASC
device prepared using CoO/NiO—Cu@CuO as the working
electrode and AC as the counter electrode is shown in the inset
of Figure Si. Furthermore, the commercially applied 2.5 V
light-emitting-diode indicator with blue light can be energized
for 4 min when two as-fabricated supercapacitor devices are in
series connection.

4. CONCLUSIONS

In summary, novel laminated CoO/NiO—CuO nanospheres
were successfully generated on Cu(OH), nanorod arrays with
the assistance of cobalt/nickel ions via facile in situ wet
oxidation combined with calcination treatment and cation
exchange methods, which was subsequently utilized to prepare
a binder-free electrode with an outstanding electrochemical
supercapacitance of 875 C cm™ (2035 mF cm™2) at a current
density of 2 mA cm™ remarkable rate capacity of 1395 mF
cm™? at 50 mA cm 2, and high cycling stability of 90.3% after
5000 cycles. Furthermore, an all-solid-state asymmetric
supercapacitor equipment unit was also fabricated utilizing
the CoO/NiO—Cu@CuO hierarchical hybrid and revealed an
energy density of 69.3 W h kg™" at a power density of 1080 W
kg™'. Moreover, the commercially applied 2.5 V light-emitting-
diode indicator with blue light can be energized for 4 min
when two as-fabricated supercapacitor devices are in series
connection. The outstanding electrochemical performances
should be contributed to the novel and unique hierarchical
heterostructure of the laminated nanospheres combined with
3D grid structure. Therefore, the prepared hierarchical
heterostructure of CoO/NiO—Cu@CuO has enormous
potential for the preparation of ultrahigh energy storage
devices for practical applications.
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