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Abstract

Copper oxide is established as an important compound in technology due to its semi-
conducting nature and high chemical stability as well as economic benefits. These features
have made it a good candidate in energy storage applications. Further, extensive attention
has been paid to advancement of supercapacitors- a complementary device between
battery and conventional capacitors - due to their unique features such as high power, long
cycle life, and environmentally friendly nature. In addition, copper oxide has sparked
interest in preparation of applicable positive electrodes which can be used in preparation
of supercapacitors. Meanwhile, copper oxide is mixed with polarized liquids and polymers
easily, and it is has relative stable chemical and physical properties. Electrochemical
features of copper oxide depend on the morphology where proper architectural design of
electrode materials can be optimized in these devices. In this review, copper oxide
synthesis and its redox mechanism as cathode materials will be explored as well as the
application of various copper oxide compounds in preparation of high-performance
supercapacitors.
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1. Introduction

The application of electronic devices is inevitable in
almost everywhere of modern human life from
household appliances to medical instruments [1].
Electrochemical energy-storage (EES) devices,
including batteries and supercapacitors, play an
essential role in this area due to their energy
conversion and storage abilities [2]. In addition, the
adverse ecological impacts of fossil fuels and the
intense desire to reduce the environmental pollutions
have caused a revolutionary development in both
sustainability —and efficiency of EES [3].
Electrochemical capacitors, also well known as
supercapacitors, are a group of electronic devices with
ability to fill the gap between conventional plane-
parallel capacitors and batteries due to their
electrochemical properties [4]. Supercapacitors are
divided into two categories including electric double
layer capacitors (EDLCs) and pseudocapacitors based
on the mechanism of energy storage and their active
materials [5].

In EDLCs, the electricity is stored in the electrical field
between separated plates where the charge storage
takes place electrostatically (non-Faradaic) between
electrode and electrolyte interface [6]. So, EDLCs can
achieve fast charging/discharging rates and excellent
cycling performance. On the other hand, the
pseudocapacitors store charge through electrosorption,
oxidation-reduction  reactions, and intercalation
mechanism [7]. They are ascribed to the fast and
reversible redox process of active materials, such as
transition metal oxides/sulfides and conducting
polymers [8]. These kinds of materials exhibit
relatively large capacitance values since the stored
energy mainly results from a reversible redox reaction
[9]. Transition- metal oxides such as IrO2, RuO,
Fes0s, MnO2, NiO, V20s, and Co3z0. exhibit redox
behavior and they have been used in pseudocapacitors
along with a conducting polymers such as polyaniline
(PANI), etc. [10].

Among various transition metal oxides, various types
of copper oxide nanomaterials have attracted
enormous attention in electrochemical energy-storage
due to electronic, mechanical, and structural efficiency
[11]. Furthermore, the beneficial properties of copper

oxide such as low fabrication cost and high
environmental ~ stability as well as large
pseudocapacitances have made it one of the best
candidates in preparation of EES devices [12]. ]. Since
the electrode type and electrolyte are two important
factors affecting the supercapacitor properties, it is
essential to apply a proper method for synthesis of
CuO with a desired nanostructure. Various methods for
synthesis of CuO nanostructures lead to preparation of
different CuO nanostructures such as nanowires [13],
nanoflowers [14], nanoribbons [15], nanchexagons
[16], nanosheets [17], nanofilms [18], etc.

Some CuO properties such as its chelating effect in
addition to surface catalytic effects have directed
attention to CuO-based nanomaterials in comparison
with other transition metal oxides. CuO is a p-type
semiconductor with a narrow band gap, 1.2 eV, which
is applicable to the design and construction of CuO
hierarchical architectures for high-performance
supercapacitors[19]. This review covers the recent
developments in synthesis of nanoscale structures
based on copper oxide especially the CuO in
combination of other transition metal oxides, rare earth
metals, as well as the organic compounds such as
polymers. Various strategies have been developed for
preparation of electrode where the influence of
different factors is examined on energy density, power
density, and cycle life.

2. Synthesis of CuO nanostructures

Nanoscale copper oxides have been studied
extensively in the field of preparation of
supercapacitors due to their tunable morphological
properties, particle size, and composition as well as
desirable size distributions. Diverse synthetic
pathways including both chemical and physical
strategies have been used in modulation of different
parameters of CuO nanoparticles. There are some
common strategies in CuO synthesis including
solution-based  methods,  solid-state  thermal
conversion of precursors, electrochemical method, and
thermal oxidation method. Solution-based synthetic
method is flexible and suitable for large-scale
nanoparticles production; among their various
methods hydrothermal and chemical precipitation
techniques have been widely used for CuO preparation
[20]. Flexible adjustment of the metal ions source,
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Figure 1. Effect of PVP on the morphology of the prepared nanoparticles.

applying water as a low-cost and environmentally
benign solvent, and easy modulation of nanocrystal
growth are some advantages of hydrothermal method.
Generally, hydrothermal method is two-step process
involving formation of the reaction of cupric salt
precursor with a basic solution to form cupric
hydroxide [Cu(OH).] particles followed by thermal
dehydration of these particles in an autoclave at fixed
temperatures to obtain CuO nanoparticles as final
products. Chemical precipitation is another solution-
based procedure for preparing CuO nanoparticles
through chemical reaction between the precursors in an
open container with a relatively low reaction
temperature. The agglomeration of nanoparticles is
one of the defects of precipitation method which can
be improved by applying some external energy such as
ultrasonic or high pressure in the separation step.

Solid-state thermal conversion or simply calcination of
precursors is another method for CuO synthesis. This
procedure is based on the synthesis of the Cu
precursors by solving the cupric salt in an aqueous
alkaline medium. The obtained cupric precursors are
calcined in solid state after filtration and washing with
distilled water plus absolute ethanol to obtain the final
CuO nanostructures. The electrochemical method for
preparing CuO nanoparticles is also very popular
because of its advantages such as low-temperature,
ease of process, and viability of commercial
production. In addition, thermal oxidation is a simple,
efficient, and low-cost method for synthesizing 1D
CuO nanostructures, which is suitable for batch
fabrication and mass production. Furthermore, the
morphology, density, diameter, and length of the 1D
CuO nanostructures can be easily tailored by adjusting
the synthesis parameters. Sonochemical synthesis of
CuO nanostructures has been reported by Anandan et
al using copper acetate as a Cu source in alkaline media
using urea/sodium hydroxide and in the presence of

polyvinylpyrrolidone (PVP), as a stabilizing polymer
[21]. CuO with quasi-spherical microarchitectures and
long-straw like structure has been produced through
the formation of a polymer—metal complex with the
stabilizing polymer (PVP). In this procedure, the
precipitate would be centrifuged and washed with
distilled water and ethanol for several times. The
resultant product would be dried under vacuum at 80
°C for about 6 h without any further thermal treatment
or calcination. The stabilizing polymer (PVP) could be
coordinated to metal ions before the reduction and this
interaction may provide a different growth pathway
leading to the formation of nanostructures of different
morphology as displayed in Figure 1.

3. CuO nanostructures on Cu foams

The hierarchical structure of cathode is one of common
electrodes in CuO-based supercapacitors which
contain high mass loading of CuO with different
morphologies. CuO is directly fabricated on the
surface of copper-based foam or foil to form electrodes
with excellent specific capacitance. Nanowires,
nanosheets, and flower-like nanostructures of CuO
formed on copper foam prepared by Cao et al. revealed
a strong correlation between the specific capacitance
of the nanostructured CuO and its morphology plus
dimension [19]. The copper foam not only acted as a
substrate of CuO formation but also was the current
collector of the electrode. The anodization of copper
foam followed by thermal treatments in KOH aqueous
solution as electrolyte led to preparation of different
morphologies of CuO arrays. Regarding the
explanation of CuO formation mechanism on Cu foam
by anodization, Cu was first electrooxidized to Cu?*
and then combined with OH in the electrolyte solution
to form Cu(OH), precursor and finally converted to
CuO during the subsequent thermal treatment. There
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Figure 2. The relation between morphology of CuO and concentration of (NH4)sM07024.4H,0 (AM).

are two key factors in determining the morphology of
CuO including the heating atmosphere and time.
Nanowires were developed when the Cu(OH)./Cu
precursor was heated in nitrogen for 3 hours and
nanosheets formed when it was heated in air for only
15 minutes. The results indicated that the CuO
nanosheets, composed of interconnected
nanoparticles, with near vertical orientation on copper
foam substrate, had a unique structure offering the
CuO nanosheets’ electrode a higher utilization
efficiency and better property for electrolyte diffusion
than the nanowires and the flower-like nanostructures.
The nanosheet CuO exhibited the highest specific
capacitance among the three different reported
morphologies in this report.

Synthesis of copper oxide nanostructures using
electrochemical anodization method offers numerous
advantages including tunable and easy preparation,
good repeatability, and good safety. Electrochemical
anodization process has been used in the presence of
(NH4)6M07024.4H20 (AM) in the KOH electrolyte
solution for preparation of single-phase CuO
nanofilms grown directly on Cu foam [22]. The
concentration of (NH1)sM07024.4H,0 directly affected
the morphology of CuO nanofilms and accordingly
formation of nanodots, nanoflakes, nanosheets, and/or
nanobelts reported in this study. Figure 2 presents the
relation between morphology of CuO and
concentration of AM. Nanodot matrices studded with
some flower-like nanoflakes formed in the absence of
AM (Figure 2a). Addition of 5-10 gLt AM to the
electrolyte samples yielded very small nanoflakes and
relatively long nanobelts (Figure 2b and ¢). In20 g L™

AM, samples with a large number of nanosheet
clusters were composed of some parallel nanosheets
standing vertically on the substrate (Figure 2d).
Samples prepared with an AM concentration of 40 g L
L are presented in Figure 2e where the Cu foam is
compactly covered with NWAs with the morphologies
of samples being nanobelts and nanosheets; elevating
the AM concentration to 60 g L™ yielded very small
clusters of nanosheets with a few radial nanowires
interspersed among them. The results indicated that the
as-fabricated single phase CuO nanosheet films
exhibited a good areal capacitance greater than 600 mF
cm? at a current density of 1 mA cm? in a KOH
aqueous solution. Hydrothermal method was also used
for synthesis of CuO nanofilm arrays on copper foam
1 M LIPF6/EC:DEC as electrolyte. The prepared
CuO-Cu integrated electrode had  unique
nanostructure features such as large surface area and
good electric conductivity, which led to high power
density and energy density as well as high capacitances
plus stable cycling performances [23].

The hierarchical nanostructure of lotus-like
CuO/Cu(OH); arrays directly fabricated on the surface
of copper foil was synthesized by Hsu and co-workers
via a simple and cost-effective liquid-solid
reaction[24]. This electrode had an excellent specific
capacitance of 278 Fg*, which corresponds to the
energy density of 23.3 Wh kg! by applying
galvanostatic charge/discharge test at a current density
of 2 mA cm? In addition, the cyclability of the
electrode demonstrates only a 15% loss in capacitance
over 5000 cycles. Sonochemical methods were used to
assist synthesis of various copper oxide morphologies
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Figure 3. lllustration of the formation of Cu,(OH)3;NO; nanoplatelets and various morphologies of
CuO by controlling the reaction parameters.

without applying any templates or surfactants by
Mousavi et al. [25]. The effect of different parameters
such as high concentrations of OH-, prolonging
sonication irradiation, and thermal treatment on
Cuz(OH)3NO3 nanoplatelets as precursors led to
formation of nanorods, nanoparticles, and
nanospheres, respectively as shown in Figure 3. The
different effects of different parameters such as high
concentrations of OH-, prolonging sonication
irradiation, and thermal treatment on Cuz(OH)sNO3
nanoplatelets as precursors led to formation of
nanorods, nanoparticles, and nanospheres, respectively
as shown in Figure 3. The specific capacitance of the
prepared copper oxide nanostructures was evaluated
by cyclic voltammetry (CV) at different potential scan
rates in 1-M NaySOs solution as electrolyte.
Accordingly, the prolonged sonicated sample
(nanoparticles) showed a high specific capacitance of
158 F.g'. The results REVEALED that sample
prepared in prolonged sonication (CuO nanoparticles)
had the highest specific capacitance of 158 F g in 5
mV st in comparison with 110 and 92 F g for
nanorods and nanospheres, respectively. Another
report about developing synthesis of hierarchical
copper oxide with a three-dimensional (3D) flower-
like nanostructure has been presented by Zhao et.al. on
a copper foam directly [26].

These novel synthesis strategies have some advantages
such as providing massive active sites for redox
reactions in the prepared CuO/copper foam electrode
and high electronic conductivity, short diffusion

pathway for ions, and effective electrolyte penetration.
These characteristics together with the synergistic
effect between CuO and copper foam substrate would
lead to a high capacitance of 1641.4 mF cm™, good rate
capability, and cyclability. Elsewhere, flower-like
structured CuO nanoparticles were grown in situ on a
3D submicron-porous/solid copper current collector
using H20, via a simple hydrothermal method [27].
This hybrid 3D network electrode had a high specific
capacitance of 445 F g at 2 mA cm? and 60.7%
capacitance retention at a current density of 64 mA cm-
2 (270 F g1, high rate capability, and good cycling
stability.

The application of template-assisted compounds such
as CTAB can control the surface morphological
features of the CuO nanostructure using co-
precipitation method [28]. The concentration of CTAB
affected the copper oxide nanoparticles morphologies.
The cyclic voltammetric analyses confirmed the
pseudocapacitor behavior of the CuO materials,
providing a specific capacitance of 494 F g* at a scan
rate of 5 mV s™. The galvanostatic charge-discharge
curve provided the maximum specific capacitance of
468 F g* at a current density of 1 A g. The cyclic
stability showed that 94% of the initial capacitance was
retained after 2000 cycles. CuO micro-balls and nano-
hexagons were synthesized for super capacitor
application in 6-M KOH solution specific capacitance
of about 470 F g and 103 F g* for CuO micro balls
and nano hexagons, respectively [29].
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The synthesis process is based on the concentration of
OH- ions and temperature, initiating the nucleation and
growth of primary 1D crystals. NHsz-HO is
coordinated to Cu?* at 4:1 ratio in basic media provided
by OH-. The intermediate [Cu(NH3)s]?* complex
transports cations towards anion and OH- forms square
planar complex of primary crystals of CuO nano rods.
The following steps indicate the formation mechanism
of CuO:

Cu + 02 + H20 + NH3 — [Cu(NH3)4]** + 40H" @)
[Cu(NH3)4]?* +20H" — Cu(OH); + 4NH3 2
Cu(OH); + 20H" — Cu(OH))4* 3)

Cu(OH))4* — CuO + 20H" + H,0 @)
4. Successive ionic layer adsorption and reaction

Successive ionic layer adsorption and reaction
(SILAR) method is one of the best methods for
depositing CuO in a thin film form based on successive
immersion of substrate in cationic and anionic
precursors with intermediate rinsing steps [30]. Copper
sulfate and sodium hydroxide were used as cationic
and anionic precursors, respectively. The SILAR
system included four beakers applied for preparing
different copper oxide nanostructures thin films. The
cationic and ionic precursors were separated by two
rinsing steps using double-distilled water. A clean
stainless-steel substrate was immersed in a cationic
precursor solution (CuS0O.) for 10 s for adsorption of
copper species on it. Three different CuO
nanostructures including nanoflakes, nanopetals, and
diffused nanorods were synthesized through SILAR
method simply by controlling the temperature of
reaction bath. In this report, the anionic precursors
were kept at three different temperatures for 10 s to
form a layer of CuO material on the substrate. A total
of 80 SILAR cycles were repeated to obtain terminal
thickness of CuO thin films. Finally, the mass loading
for samples at 45, 65, and 85 °C were found to be 0.61
mg cm?, 0.53 mg cm?, and 0.51 mg cm?, respectively.
The SEM images of sample at 45 °C revealed uniform
3D flower-like CuO nanostructures with diameters of
about 1-1.5um. With increasing the reaction
temperature to 65 °C, the surface morphology of CuO
converted nanopetals clusters. When the reaction
temperature was elevated to 85 °C, a remarkable

change in morphology of CuO was observed where all
nanopetals were dissolved in order to form diffused
nanorods. The specific capacitances obtained for
nanoflakes, nanopetals, and diffused nanorods at 5.6 A
gt current density were 623 F g, 759 F g%, and 648 F
g?, respectively. These good electrochemical
properties were attributed to interconnected
morphologies and providing large electrochemical
active sites plus easy access for the electrolyte ions.
Synthesis of binderless and surfactant free CuO films
for pseudocapacitive applications by SILAR method
was reported using indium tin oxide as substrate[31].
The morphology of the synthesized copper oxide had
uniform surface and uniform pore distribution with
average grain sizes of 30-50 nm. A specific
capacitance of 566.33 Fg was obtained for as low as
10-cycle film at a scan rate of 5mVs?. The porous
nanostructure of the electrode caused enhanced
specific capacitance of CuO film. Elsewhere, SILAR
method was also used for synthesis of CuO/Cu(OH);
hybrid thin film and well cleaned stainless steel as
substrate[32]. Copper sulfate (CuSQO.) used as the
cationic and sodium hydroxide (NaOH) as anionic
precursors which kept at 300 K to form CuO/Cu(OH);
layer. The prepared nanostructures’ diameters were 4—
5 um with a uniform flowerlike morphology. As each
flower composed of many flake-like ultrathin
nanopetals, they can generate abundant space
facilitating the electrolyte ion transport. The
interconnection between nanoflowers would provide a
high volumetric specific surface area and good mass
transport property causing highly reversible charge/
discharge features, with an excellent specific
capacitance of 459 F g?. The cyclability of the
electrode demonstrated only a 12% loss in capacitance
over 2000 cycles. CuO thin films were synthesized on
both steel and glass substrates by SILAR method with
the average particle size of about 31.2 nm in order to
enhance supercapacitor, photocatalytic, and ethanol
sensing applications [33]. ]. The symmetrical shaped
CV curves confirmed the suitability of the prepared
electrodes for application. The maximum values of
specific capacitance were 585 Fg* and 554 Fg* from
the charging—discharging curve for the 30 cycles
deposited film. It shows long-term stability with 92.3%
capacitance retentivity after 4000 cycles.
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5. Electrodes based on CuO in combination with
other transition metals

The efficiency of the electrode materials can be
enhanced by combining transition metal oxides with
multiple electroactive redox sites. The electrolyte,
separator, and the surface architectures of the material
can also influence the supercapacitor efficiency.
Transition-metal oxides are promising electrode
materials due to their low cost, high chemical stability,
and high theoretical Cs. The application of mixed
metal oxides can improve pseudocapacitive
performance as compared to employing the
corresponding single-component oxides, so it is
beneficial to obtain high electrical conductivities and
Cs. The dopant can induce defection in the crystal
structure by creating oxygen vacancies, which can
enhance the net electrical conductivities and the final
electrochemical performance. Furthermore, dopant
ions itself can wundergo electrochemical redox
reactions, contributing to enhancing the net Faradaic
involvement in the electrochemical supercapacitor.
Further, the redox charge transfer usually improves
when two metal oxide with different oxidation states
are used together and represent a synergistic effect.
Cu-doped manganese oxides have been investigated in
preparing electrochemical supercapacitors. Komeily
Nia et al. synthesized CuO/MnO, core/shell
nanostructures and loaded them on nylon fabric for
applications in wearable devices or smart textiles [34].
The divalent copper usually displays a poor
distribution on synthetic fiber surface; so manganese
was used to create complex with copper ions. The
lower reduction potential of copper ions compared to
the manganese ions led to synthesis of a core/shell
structure with nanoflower morphology in which small
coarse MnO; particles (shell) uniformly covered the
preformed CuO (core). Improvement in the affinity of
CuO nanoflowers toward the nylon fabric has
synergistic effect of the synthetic method as well as
self-cleaning and antibacterial properties on the fabric.
In this report, Cu and Mn ions in the presence of NH3
at a moderate temperature formed tetraamminecopper-
(INdipermanganate complex. Introducing a reducing
agent such as NaOH first reduced the Cu ions due to
the higher reduction potential than Mn ions with
core/shell  structure. Birnessite MnO,-decorated
hollow dandelionlike CuO architectures with
CuO/MnO; core-shell structure were synthesized by

Zhang et al. in the presence of tetraoctylammonium
bromide as surfactant [35]. The prepared nanostructure
had a good potential to be used as an efficient electrode
for high-performance supercapacitors. The CuO/MnO;
core-shell structures delivered high capacitance of 228
F g far beyond that of CuO dandelion-like structures,
and a long-term cycling stability retaining 82.2 % of
its initial capacitance even after 5000 cycles.

On the other hand, the preparation of CuUO@MnO-
core-shell nanostructures without any surfactants has
been reported with energy density of 22.1 Wh kg* and
a maximum power density of 85.6 kW kg™ [36]. The
CuO@MnO; core-shell nanostructure was used as the
positive electrode and activated microwave exfoliated
graphite oxide (MEGO) as the negative electrode to
form an asymmetric supercapacitor with long-term
cycling stability retaining 101.5% of its initial
capacitance even after 10000 cycles. Recently, growth
of Cu(OH), nanofibers on the surface of carbon fiber
in situ has been first reported by Wu et al. with a
uniform distribution [37]. The further oxidation of
Cu(OH); converted it to CuO nanofibers and a layer of
MnO; nanocoating grown in situ on the surface of CuO
nanofibers to form the CuO@MnO; core—shell
structure. The prepared electrode had a faster charge
and discharge rate according to the results of the
charge and discharge process with different current
densities being shorter than that of other electrode
materials. In addition, the CV curve profile remained
essentially the same at different scanning speeds, yet it
still retained 96.81% of the initial capacitance value
after 5000 cycles of charge and discharge, showing a
longer cycle life. A new hierarchical structure of
copper oxide and manganese oxide hybrid has been
fabricated using biominerals such as diatoms
(unicellular algae) as natural templates in the form of
Diatom@CuO@MnO; hybrid material [38]. Such a
unique architecture acts as a supercapacitor electrode,
which exhibits a high specific capacitance (240 F g*
at a current density of 0.5 A g™1), good rate capability
(58.3% retention when the current density rises from
0.5to 5 A g %), and excellent electrochemical cycling
stability (91.2% retention of the initial specific
capacitance after 4000 cycles at a current density of 2
Agl).

CuO-MnO, composites have also been synthesized
without any surfactant and in the presence of Na;SO4
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electrolyte, leading to growth of the ultrathin MnO;
nanosheets around nanopetals of flower-like CuO
uniformly [39]. The results exhibited a specific
capacitance of 167.2 F g* and excellent cycling
stability (88.6%retention after 5000 cycles). The
flower-like CuO was self-assembled by some small
nanopetals evenly decorated by some ultra-thin MnO;
nanosheets after the hydrothermal reaction with
KMnO4. The uniform covering of CuO nano-needles
by MnO; nano-sheets led to synthesis of MnO,—CuO
nanocomposites offering a good electrochemical
behavior in a redox-mediated electrolyte of
Ks[Fe(CN)g] in 2 M KOH [40]. Mn doped CuO thin
films were prepared by Durai et al. using reactive radio
frequency magnetron sputtering technique [41]. The
galvanostatic charge—discharge measurements
exhibited the areal capacitance of 87 mF cm™ at
constant current density of 1 mA ¢cm™ in KOH as
electrolyte.

The synthesis of CuFe,04/CuO nanocomposite has
been reported by cathodic electrodeposition route as a
facile, economical, and rapid process [42].
Cu(NOs)2-3H20 and Fe(NOs3)2-9H,0 are to starting
transition metal salts which fabricated a thin film of
nanocomposite on the steel sheet surface by the
galvanostatic mode deposition at the current density of
4 mA cm?. The final nanocomposite was prepared
after the reaction completion and separation of black
precipitate from the steel sheets followed by the
calcination at 400 °C. The morphologies of CuFe,O./
CuO composite consisted of a highly porous dendrimer
structure with the outer layer ending to microspheres
composed of peanut-shaped or “necked” nanoparticles
with their EDS spectrum being related to the
characteristic peaks of oxygen, iron, and copper. The
obtained nanostructures with specific capacitance of
322.49 F g at the scan rate of 1 mV s™* were a suitable
candidate for application as practical materials for
supercapacitor applications.

Cobalt-based materials such as cobalt oxides possess
excellent capacitive performances so they have been
investigated in high-performance supercapacitors
preparation especially in combination with copper
oxide. Zhao et al. reported the construction of
CuO/Cu0@Co00 core shell nanowire arrays by
combining a chemical deposition method [43]. The
results indicated the decoration of CuO/Cu,O

nanowire core with branched CoO nanosheet shells.
The as-obtained nanowire arrays demonstrated
outstanding areal capacitance of 280 mF cm™2 at a
current density of 1 mA cm™ as well as superior
cycling stability retaining 90.7% of the initial
capacitance after 3000 cycles. The schematic
illustration of the synthesis of Cu-Co nanowires
contained four individual stages as displayed in Figure
4. The first step involves anodization of the Cu foil for
preparing Cu(OH), nanowire arrays followed by
calcination step to form the CuO/Cu,O composite. It is
then immerged into the Co(NOs),-6H,O and urea
mixed solution to complete the deposition process in
step three and annealing in argon in the final step.

Combination of nickel oxide and cooper oxide for
synthesis of nanostructures can be used for high-
performance supercapacitor preparation attracted.
Nickel hydroxides (oxides) have become attractive
pseudocapacitive materials due to low cost,
environmental computability, facile synthesis, and
high theoretical specific capacitance (3750 F g™).
Various composites can be synthesized according to
different mole ratios of CuO and NiO for achieving
improved charge separation and hence synergistic
results [44]. An integrated system combining solar
cells with a hybrid supercapacitor was assembled by
Boukherroub et al. for operating a homemade windmill
device for achieving energy conversion, storage, and
utilization using Ni(OH).@CuO@Cu electrode
materials [45]. Cu foam current collector was used
because of its three dimensional (3D) structure and
good conductivity. The chemical oxidation process led
to formation of CuO on Cu foam (CuO@Cu), followed
by thermal annealing and electrodeposition of Ni(OH):
for preparing Ni(OH),@CuO@Cu electrode materials.
Alteration of the time spans influenced the
electrochemical properties of the resulting electrodes
where among all electrodes, Ni(OH).@CuO@Cu-150
composite- 150 s of time span- exhibited the largest
active surface area of 512.6 cm2. N-doped reduced
graphene oxide coated on nickel foam (N-rGO/NF)
was applied as a negative electrode, while Ni(OH).@-
CuO@Cu-150 was used as positive electrode, and a a
filter paper (separator) immersed into 2 M KOH
aqueous solution was applied for preparing a hybrid
supercapacitor with the largest areal capacity of 7063.2
mC cm at 20 mA cm. The three-digit digital display
was successfully lighten up by the supercapacitor



Nano Science Technology, Volume 4 (2022), pp: 1-16

O _L, i

anodization
calcination
shell w
Ccore
gy -
My,
o
IV

annealing

Figure 4. Synthesis of CuO/Cu,0O@CoO core shell nanowire arrays, (1) electrochemical anodization of Cu
foil (11) calcination of Cu(OH), nanowire (111) chemical bath deposition in 90 °C for 10 h (V) annealing of
the sample after chemical bath deposition process.

devices for 1 min and 28 s. Similarly, Ni(OH),@CuO
core-shell nanowire arrays on 3D copper foams were
reported by Sun et al. for high-performance
asymmetric supercapacitors [46]. The electrochemical
experiments revealed that the Ni(OH).@CuO
electrode delivered large areal capacitance (1.625 F
cm? at 3 mA cm™), excellent rate capacity (1.285 F
cm? at 30 mA cm), and excellent cycling stability
(retaining 96.4% after 5000 cycles). Elsewhere, a
hybrid NiO-CuO mesoporous nanowire array which
constructs a three-dimensional (3D) hollow
architecture via a facile hydrothermal method and
subsequent annealing with abundant oxygen vacancies
[47]. Five different samples of the NiO—CuO with
different molar ratios of Ni : Cu were obtained among
which the sample of NiO—CuO with Ni : Cu = 1:1. It
showed an excellent electrochemical performance
such as a high areal capacitance of 4.35 F cm™ and a
large specific capacitance of 1450.8 F g* at a current
density of 2 mA cm2, outperforming the behavior of
pure NiO and CuO.

Thin films constructed Ni(OH),/CuO nanocomposites
in KOH solution were investigated and showed good
electrochemical performances with a potential window
between 0 and 0.5 V, plus a maximum specific
capacitance of about 27 F g™ observed at a scan rate of
10 mV s delivering a specific capacitance of 29 F g*
[48]. The successful in-situ fabrication of ordered
CuO/Cu;0 nanosheet arrays on copper foil was
reported for binder-free high-performance electrode

materials [49]. The NiOOH for further modification of
CuO/Cu,O arrays was introduced via a facile
hydrothermal deposition treatment. The as-fabricated
composite nanosheet arrays exhibited a brilliant areal
capacitance of 1206 mF cm™2 at a current density of 1
mA cm? in KOH aqueous medium with an
outstanding long-term cycling stability, with 84.6% of
initial capacitance after 3000 charge/discharge cycles.
The nickel foam was also used as skeleton for
preparing nanostructures with potential to be used in
high-performance supercapacitors.

CuO nanosheet arrays freely standing on nickel foam
were prepared via a template-free growth method and
formed a uniform film of around 5 um in thickness
[50]. The CuO exhibited the highest reported specific
capacitance of 569 F g* at a current density of 5m
Acm™2, Electrolyte concentration would exert a
significant effect on the performance of CuO
capacitance. Other hieratical CuO clusters based on
nickel foams (CuO-Ni) were synthesized by Li et al.
via the electroless copper plating and chemical etching
process in KOH solution [51]. The prepared electrode
was binder less and it bonded with the nickel collector
properly, thus it enhanced electronic conductivity. In
addition, the high alkali resistance of nickel substrate
and hieratical nanostructure of CuO clusters were
conducive to obtain excellent electrochemical
performances. The specific areal capacitance of CuO-
Ni electrode reached up to 1.61 F cm™ at 3 mA cm™
(equivalent to 679 F g* at 1.27 A g%), and retains
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93.6% after 5000 testing cycles, which is mainly
attributed to its perfect hieratical structure and high
electrical conductivity. The synthesis and application
of Cu-plated nickel foam have been reported with
products with different morphologies such as
nanoflake network [52], nanosheets [53], nanoflower
[54], and necklace-like [55]. These structures across
with good specific areal capacitance and high electrical
conductivity resulted to the synthesized copper oxide-
nickel oxide-based materials as suitable candidate in
preparation of electrochemical supercapacitors. The
reported synthesis of CuO nanosheets on nickel foam
by Xiaoli He et al. involved utilizing ZnO nanowires
for high-performance supercapacitor preparation [17].
ZnO was applied on nickel substrates to increase the
surface area. Figure 5 illustrates the detailed
preparation pathway in which ZnO nanowires were
grown on the Ni substrate using the hydrothermal
method. A layer of Cu(NOs), formed on the ZnO
surface by dissolving a Cu foil.

Potassium nitrate and depositing Cu electrochemically
using the CV technique. Subsequently, blue-colored
Cu(OH), nanosheets were obtained by immersing the
as-prepared substrate in KOH solution. The
transformation of Cu(OH); to CuO was the last step in
this process carried out through simple calcination at
175°C for 30 min.

The increase in the current density affected the specific
capacitance in the way that the maximum capacitance
(545 F g*) was observed at a current density of 1 A g
1, confirming the excellent capacity for charge storage.
In addition, cyclic charge/discharge process at a
current density of 7 A g was applied to determine the
cycling performance of the amorphous CuO nanosheet
electrode with the result confirming that after 2000
cycles, the electrode with an initial capacitance of 430
F g%, still maintained a large capacitance of 370 F g7,
indicating a good cyclic stability.

The influence of silver dope on electrochemical
behaviors of CuO nanosheet arrays was investigated
by Wang et al. [56]. It seems that the presence of
dispersed Ag particle coated the CuO nanosheet arrays
can improve the electrode capacitance in comparison
with the unmodified CuO nanosheet arrays. Nickel
foam was used as a substrate in this report which was
covered with a thick and uniform film of CuO. The
immersion of the as-prepared electrode in ethanolic
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solution of [Ag(NHs)2]* and polyvinylpyrrolidone led
to the formation of Ag-doped CuO electrode. The Ag
particle could facilitate fast electron transport between
the current collectors and the active materials. The
reported specific capacitance of the electrode was 689
FglatlAgtand299 Fg?at10Ag?, respectively.
A hybrid electrode composed of conductive Ag flakes
grown on CuO nanorods via in-situ chemical approach
was prepared for the first time recently [57]. The
electrode demonstrated a superior specific capacitance
of 812 F g at a current density of 2 A g* which is
retained of about 110.37% after 5000 cycles. Copper
foam was used as substrate for Cu(OH). nanorods
growth and further conversion into CuO nanorods
through heat-treatment at 200°C. In order to avoid
oxidation of Cu slices, the entire process was carried
out under nitrogen atmosphere. Then, the as-prepared
CuO@Cu slice was immersed in AgNO3; solution at
room temperature and only for 120 s, which led to
synthesis of the flake-like Ag in response to
spontaneous reaction on CuO surface.

Rare earth elements (lanthanides) with special
electronic structures have unique optical, electronic,
and magnetic properties so they can be doped to
nanomaterials to  enhance their  electrical,
electrochemical, magnetic, and semiconducting
properties as compared to pure and undoped
nanomaterials. Sm;Os; is one of the rare earth
compounds with high surface basicity, fast oxygen ion
mobility, and interesting catalytic properties. Sm;O3
modified CuO nanoflowers were prepared via a simple
chemical precipitation-hydrothermal method [58]. A
homogeneous solution of copper and samarium nitrate
was used for synthesizing hierarchical structured
Smy0; modified CuO nanoflowers. The results
indicated that the specific capacitances of Sm;Os;
modified CuO-based electrode increased by four times
upon serving as supercapacitor electrode materials at
current density of 5.0 A g where the charge transfer
resistance of Sm,O3; modified CuO-based electrode
decreased. It was shown that the electrode possessed
the highest specific capacitance in all prepared
materials at current density of 0.5 A g%, with nearly
84.6% retention capacitance over 2000 cycles at 1.0 A

gt

The Cuz0 reverse cubic heterostructures prepared via
hydrothermal method was used for preparing CuO-
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SnO; reverse cubic heterojunctions through reaction
with various amounts of SnCl,.2H,O [59]. The
chemical equation is as follows:

2Cu20+4Sn?*+80H +302 — 4 CuO-Sn0; (5)
+4 H.0

The morphology of CuO-SnO; samples revealed that
the reverse cubic heterojunction has a relative uniform
distribution. The enlarged SEM images of the samples
indicating a six-side reverse cubic structures for
products with the size of the sample being about 7-8
mm. The unique six-side reverse cubic structure is
critical to the electrochemical performance of this
material. A parabolic trend was presented between the
specific capacitance of CuO-SnO. and increasing
SnO; content. The CuO-SnO; heterojunctions
manifested a high specific capacitance of 1972 F g* at
1 A g and outstanding cycling stability. The higher
specific capacitance of the pure CuO-SnO;
heterojunctions was mainly associated to the high
conductivity improved by the high electron hole state
in the heterojunctions. The electron effective and hole
effective mass of CuO-SnO; heterojunctions were
calculated where the high value of hole effective mass
was the main reason for the high specific capacitance
of CuO-SnO; heterojunctions. The asymmetric
supercapacitor made using the CuO-9 wt% SnO.
heterojunction demonstrated a remarkable energy
density of 117.32 W h kg at a power density of 13
624.26 W kg™. Also note that even at a high power
density of 36 663.16 W kg™, the energy density could
reach 96.75 W h kg,

6. Cu based nanocomposite electrode materials

Double hydroxide nanostructures compounds are
promising electrode materials for supercapacitors
thanks to their facile accessibility to active sites and
high electrical conductivity. In order to take advantage
of these properties, heterostructures based on nickel
have been designed with some transition metals such
as Mn, Fe, Co, and Mo. These heterostructures in
combination with copper oxide have been used for
application in high-performance supercapacitor
electrodes. In addition, ultrathin layered double

Accordingly, high specific capacitance of 2.682 F
cm2, good coulombic efficiency (82.7% at 2 mA
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hydroxide nanosheets (LDHs) which are promising
candidates as electrode materials for energy storage
have also been used for synthesis of hierarchical
structures. A hierarchical NiMn-LDH@CuO/CF core-
shell heterostructure comprised of a vertical and
intercrossing ultrathin NiMn-LDHs nanosheets shell
and a slightly curly and tops tangled CuO nanowires
core. The prepared electrode exhibited a high areal
capacitance of 6077 mF cm™ (2430.8 F g!) at a
current density of 2 mA cm™ (0.8 A g%) [60]. The
solid-state asymmetric supercapacitor device based on
the hierarchical NiMn-LDH@CuO/CF core-shell
material was used as positive electrode in combination
of activated carbon as negative electrode exhibited an
energy density of 10.8Wh kg™ at a power density of
100Wkg . The synthesis initiated with preparation of
CuO nanowires on copper foam via a simple
calcination process followed by a hydrothermal
strategy step using CuO nanowires as template. The
hierarchical heterostructure provided a high specific
surface area which could enhance the number of active
sites and promote the charge transfer as well as redox
reactions during electrochemical applications. The
SEM image revealed that the utilized Cu foam was
covered with crossed Cu(OH), nanorods after the wet-
oxidation process and the Cu foam remained the 3D
grid structure. After the calcination treatment,
Cu(OH)2 nanorods were converted into CuO
nanowires and formed bunch-like nanowire arrays.
The as-prepared electrode exhibited excellent cycling
stability of 89.22% retention after 8000 cycles and
possessed the ability to lighten up a blue LED indicator
for 8 min.

A hierarchical core—shell nanorod array consisting of
layered Ni—Fe double hydroxide nanosheets shell and
CuO nanorods core was synthesized on the copper
foam substrate and used directly as binder-free
electrodes for high-performance supercapacitors [61].
This structure has several merits such as providing
numerous redox reaction active sites, short ion
diffusion pathways, low equivalent series resistance,
and low structural impact during charging and
discharging processes as well as synergistic effect
between the CuUO@Ni—Fe LDH hierarchical core—shell
nanorods arrays and the Cu foam substrate.

cm?), good rate capability, and good stability with
86.67% capacitance retention were obtained after 5000



Nano Science Technology, Volume 4 (2022), pp: 1-16

cycles. CuO@CoxNil-«(OH), nanowire arrays on
copper foam were reported by Hui et al. in preparing
long-life supercapacitors [62]. Cobalt was also used in
synthesis of ultra-thin cobalt-nickel layered double
hydroxide onto the core of 3D CuO cross-linked
nanosheet [63]. The preparation of the ternary
transition metal oxides exhibited superior properties in
this area where Mo-based structures were considered
as a suitable candidate for electrode materials.
Elsewhere, the synthesis of ternary heterostructure
based on CuO and molybdenum oxide was reported
[64] and employed in  high-performance
supercapacitor electrode preparation. Cu foam was
used as substrate for obtaining the CuO nanorods with
chemical bath deposition. Subsequently, the multi-
dimensional CoMoO4/CuO heterostructure was grown
on the as-prepared CuO nanorods via the hydrothermal
procedure with the obtained nanostructure utilized as a
binder-free supercapacitor electrode. In this report,
they used a two-step synthesis pathway to obtain the
final nanocomposite electrode. Initially, CuO nanorods
were synthesized on Cu foam using chemical bath
deposition and then the product was placed into an
aqueous homogeneous mixture containing NazMoOsa.
2H,0 and Co(NOs)2.6H.0 and kept at autoclave in
180°C. The XRD peaks confirmed the formation of
CuO on Cu foam and CoMoO; planes. The dense and
homogeneous nanocomposite was revealed in SEM
images. The 2D CoMoO4 nanosheets and 1D CuO
nanorods acted as a base for CoMoO4/CuO
nanostructure to form stereoscopic and an open multi-
dimensional nanostructure with excellent
electrochemical performance for supercapacitor.
CoMo04/CuO electrode delivered specific capacitance
of 1176 F g* at the scan rate of 1 mV s™* and excellent
cycle stability of 95.1% over 5000 cycles under the
current density of 2.5 A g™t with energy density about
67.01 Wh kg . Similarly, Mo-doped CuO nanosheets
on Ni foams were reported recently with specific
capacitance of 1392 F g at 2 A g [65]. The electrode
maintained approximately 76% of the initial specific
capacitance after 10,000 cycles. In addition, an
asymmetric Mo-doped CuO nanosheets cell was
assembled and could deliver a considerably high
energy density of 36 W h kg? at 810 W kg? and
exhibited an outstanding cycling stability with 81%
capacitance retention for over 5000 cycles where two
as-prepared electrodes in series could lighten a red
LED.
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7. Conclusion and future prospective

The progressive development of electrochemical
supercapacitors is essential for energy storage
purposes. In this review, a detailed description of the
recent developments of electrode materials based on
copper oxides and their composites materials has been
given. The authors believe that more research should
be focused on different nanocomposite materials made
up of CuO, such as emerging two-dimensional
nanoflakes, for fabricating  high-performance
supercapacitors electrodes. Continuous research is
needed to allow these materials and novel devices to
meet the growing energy demands. Also, it is essential
to make progress in synthesis parameters and material
properties for full capability exploration of the
supercapacitor electrode materials. The energy storage
mechanism of CuO materials has also become
increasingly clear regarding the advancement of
advanced characterization technologies, and more
research efforts are needed in this area. In addition, the
improvement of the reaction temperature range, long
lifetime, self-discharge rate, long lifetime, and the
degradation of supercapacitor component should be
vigorously investigated for improving overall cell
performance. Energy storage devices has become a
critical issue in both electrochemical and mechanical
aspects, so modification methods is needed to improve
the pore structures, electrical conductivity, and
electrochemical activity of them. The current
approaches of designing electrode materials for
supercapacitors are in their promising phase and needs
more attention to explore them holistically. In addition,
research is now being focused on the production of
multifunctional energy storage devices with different
properties of auto-healing, great sensing, heat or
pressure, automated charging mode under light, etc.
So, backing an uninterrupted energy source is essential
especially in the biomedical, military, installed
astronomical and automated industrial electronic tools.
However, a massive packet of challenges desires
instant solutions and an enormous work for the
researchers to figure out smart materials for emerging
supercapacitor devices that may tremendously act as
the most reliable mode for everlasting and
maintainable energy sources.
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