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Recent innovations in the technology and
applications of low-dimensional CuO
nanostructures for sensing, energy and catalysis

Oleg Baranov, () **" Kateryna Bazaka,
H. Eduardo Roman,

Igor Levchenko o+

“ Thierry Belmonte,” Claudia Riccardi,®
® Mandhakini Mohandas,” Shuyan Xu,? Uro$ Cvelbar” and

Low-dimensional copper oxide nanostructures are very promising building blocks for various functional

materials targeting high-demanded applications,
systerns, sensing and catalysis. Featuring a very

including energy harvesting and transformation
high surface-to-volume ratio and high chemical

reactivity, these materials have attracted wide interest from researchers. Currently, extensive research on

the fabrication and applications of copper oxide nanostructures ensures the fast progression of this

technology. In this article we briefly cutline some of the most recent, mostly within the past two years,

innovations in well-established fabrication technologies, including oxygen plasma-based methods, self-

assembly and electric-field assisted growth, electrospinning and thermal oxidation approaches. Recent

progress in several key types of leading-edge applications of CuQ nanostructures, mostly for energy,

sensing and catalysis, is also reviewed. Besides, we briefly outline and stress nowvel insights into the effect of

various process parameters on the growth of low-dimensional copper oxide nanostructures, such as the

heating rate, oxygen flow, and roughness of the substrates. These insights play a key role in establishing links

between the structure, properties and performance of the nanomaterials, as well as finding the cost-and-
benefit balance for technigues that are capable of fabricating low-dimensional CuQ with the desired

properties and faciliating their integration into more intricate material architectures and devices without the

loss of original properties and function.

1. Introduction

Hierarchical metamaterials (HMMs) endowed with complex
architectures and multi-component compositions have drawn
much attention in the scientific community."™ This is because the
very existence of designed (intra-material and material-emviron-
ment) interfaces with specfic properties makes HMMs superior to
simpler, often singlecomponent, materials. The list of actual
applications of HMMs is enormous, with the most relevant ones
being biotechnology,™® sensors™ and biosensors,"™"" energy
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broadband  wvisible-light-driven  surface-enhanced Raman

scattering,*®*” and others.**™*"

The role of Cud low-dimensional nanomaterials

Similar to many other metal axide nanostructures, forests of CuQ
nanowires demonstrate advanced propemies that are particulady
needed for many applications such as devices for field emission
applications,” batteries,” supercapacitors,”* and others. By con-
trast, many copper oxde-based nanomaterials and nanostructures
feature some intrinsic shortcomings, for example, they have rela-
tvely low conductivities, low electrochemical stability and high

12,13 14,15

harvesting systems, nanomedicine, photocatalysis™® and
chemical catalysis,"™"® hydrogen energy,” water purification,™
envimnmental protection™ and space exploration.™**

Metal-oxide nanomaterials

Over the past twenty years, researchers have investigated metal-
oxide nanomaterials extensively, showing their adaptivity to
different length scales and presenting competitive morphological
properties for various applications (Fig. 1a). The benchmark
among most of the metal-oxides is represented by copper-oxide,
which can form different types of nanostructures; including
special topologies such as 1D filamentlike structures known as
nanowires (NWs). The origin of their unique properties can be
found in their extremely high surface-towolume ratios and the
way in which they interact with particular crystal faces. Applica-
tions cover a broad range of fields, such as in the sensing of
various gases,” ™ benzyl alcohol®™ ethanol,™ hydrogen,™
glucose,™** hydrogen sulphide,** and many other chemicals, as
well as in catalysis™® and photocatalysis,”™™* batteries,”™*" optoelec-
tronics,”  field emission,* supercapacitor applications,***

agglomeration rates. A possible solution for overcoming these short-
comings is to synergistically combine copper oxide-based nanoma-
terials with other materials such as carbon nanctubes, conducting
polymers, and nanomatedals engineered based on graphene
hybrids.*** This can be achieved vig the utilization of various
wellestablished technologies (see Fig. 1b) including low-tempe-
rature chemical synthesis®” high temperature annealing,™® the
in situ modification of various copper materials like copper foam,™
anodization in a solution of sodium bicarbonate,” thermal mddation
of copper nanostructures,” facile solution-phase treatment techni-
ques,™ oxygen oxdation of foils® and many other technigues.™
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Fig. 1 Spectrum of key technologies and applications of metal oxides, and metal oxide (MO)-based materals. (a) The major key technologies and (b) the most
important applications of metal-oxide materials. Virtually all important applications could benefit from the implermentation of metal oxide-based materials - from
optics and IT to energy harvesting and consenation, catalysis and ervironmental technigues. Adapted from Ansariet al ref. 65 under conditions of the CC BY
license. Copyright 2022. (c) Several key technologies, activators and process parameters specifically for CuQ nanomaterials. While the methods can be subdivided
into three major groups fwet chemical techniques, thermal and plasma-based methods), the process activators and process parameters demonstrate a flourishing
diversity of approaches and conditions, thus offering a great spectrum of possibilities for the future development and sophistication of the MO nanomaterials.

Significance of this review

Featuring very high surface-to-volume ratios and high chemical
reactivity, low-dimensional copper oxide nanostructures are
very promising building blocks for various functional materi-
als, and thus a review of their properties and potential applica-
tions will be of great interest to a wide range of researchers,
including, but not limited to the following:

= the use of low-dimensional copper oxide nanostructures
may help overcome the challenges and achieve greater perfor-
mances for devices used in energy harvesting and transforma-
tion, sensing, catalysis and biomedical technologies;

¥ copper oxide nanomaterials in general have a wvery
wide spectrum of applications ranging from environmental and
biomedical to energy, optics, catalysis and others — moreover, they
can be successfully combined with graphene-based materials;

# finally, in this review article we discuss the very recent
progress — mostly within the past two years - in the design of
complex, sophisticated low-dimensional copper oxide-based
material systems for various applications, aiming to em phasise



some of the most interesting and important, from the authors’  devices, eg, electrodes for supercapacitors and batteries, cat-
point of view, innovations in the fabrication methods and alytic systems, ete., where hierarchical systems consisting of
applications of low-dimensional copper oxide nanostructures.  substrates and arrays on nanostructures are required.

Fig. 2a shows a schematic of the thermal growth of nanowires
on a substrate as well as the key processes that supply material

How are the CuO ires formed on the surface? .
ware the tut nanowires formed on the surtace for the growth. Cu,0 and CuO oxides grow as follows:®®

In many fabrication technologies (Fig. 1c¢), low-dimensional

CuQ nanostructures are growing directly on substrates. Apart CupO+ 0 — 2Cu0, (1)
from the convenience of substrate-utilization processes, this
approach is suitable for the production of many important CuQ + Cu — Cuy0. (2)

SCHEME OF CuO NANOWIRE GROWTH ON SURFACE
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Fig. 2 Schemesand processes of CuO nancwire growth on a surface. (a) Schematic of the thermal growth of nancwires on a substrate and the key processes
that supply material for the growth. Reproduced with permission from Baranow et al., ref. 66. Copyright 2021, Ekevier. The gradients of copper and cxygen
concentrations on the exposed surfaces of CuC oxide, the boundary between Cuz0 and CuO oxides, and the boundary between Cu and CuzO layers are
considered as the main driving forces of the process in the formation of CuQ nanostructures. Nanowire nuclei are considered as having an anisotropy with
respect to the adsorption of axygen from the gas phase, with the energy of adsorption on the nanowire tips being higher than that on the nanowire side
surface; thus, growth on the tips is preferential. Copper atoms are supplied to the surfaces of the nanowires via lattice and grain-boundary diffusion through the
CuyO layer, grain-boundary diffusion through the CuO layer, and surface or grain-boundary diffusion along the length of the CuO nancowire. The density of
surface defects of the side surfaces of the nanowires plays an important role in the formation of long nanowires with a high aspect ratio, since for the perfect
surface the cxygen adscrpticn is low, and copper atoms travel from the nancwire roct to the tip without being invelved in the reaction of cxidaticn. As a result,
the nanowire does not increase in diameter, and the whole copper flux is delivered to the tip. Opposite to that, the defedt-containing side surface promotes
axygen adsorption and increases the rate of oxidation on the side surface of the nanowire; thus, short and bulky nanowires are formed. (b—d) Different modes
of copper diffusion toward the nanowire top. Reproduced with permission frorm Baranov et al, ref. 67, Copyright 2022, ACS



Fig. 2b-d illustrate the different modes of copper diffusion
toward the nanowire top, which can result in quite different
morphologies of the resultant nancarrays of CuQ nanowires.
SEM images of typical CuQ nanowire arrays grown in oxygen at
different temperatures, specifically at 600 and 700 °C, demon-
strate a significant difference in the nanowire arrays due to the
100 °C difference in temperature, which reveals very complex
characteristics of the growth scenario. Specifically, copper is
delivered to the growth zones, viz, surface diffusion and lattice
diffusion, or both depending on the growth conditions. Copper
atoms move via jumps, Le., the atom that is released from the
dissociation of the oxide shifts to the nearest node that catches
the atom. Detailed models of the growth were recently devel-
oped to describe the various morphologies and properties of
copper oxide nanowires.*™

2. Innovations in CuO nanowire
fabrication methods

Recently, many advanced techniques for the fabrication of one-
dimensional copper oxide nanostructures and arrays have been

developed and tested (Fig. 1). Here we will briefly outline the
recent innovations in several of the most important technologies
for the fabrication of CuOQ nanostructures, highlighting the
examples that exhibit advanced properties for their applications.

2.1. Recent innovations in plasma-based and electrie
field-assisted technologies

Among other technologies, plasma-based approaches for grow-
ing various nanostructures are very efficient due to the presence
of highly energetic ions that efficiently heat and activate the
growing nanostructures, and the presence of electric fields that
help to form the targeted structures.”™”

Oxygen plasma-based technology. Oxygen plasma for Cu
oxidation is efficient since highly energetic ions heat and
oxidise the copper atoms. Fig. 3a shows a typical experimental
system that can be used for the formation of Cu0 nanowire
arrays on relatively large substrates. This setup is based on a
cylindrical (40 mm diameter, 800 mm long) quartz tube where
the plasma discharge is sustained. Over the tube, a coil with 9
turns was installed. A radio frequency generator working at
13.56 MHz and 150 W was used to power the coil. The system
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Fig. 3 Plasma-based technelogy for Cul nanowire fabrication. (a) A typical radio-frequency system for copper oxidation and copper oxide nanowire
growth in plasma. The inset show an optical photograph of the setup in operation. Reprinted with permission from Filipic et al, ref. 68. Copyright AIP.
(b} Synthesis of butterfly-like copper oxide nanostructures using microwave -assisted hydrothermal technelogy. Reprinted with permission from Li et al.,

ref. 69. Copyright Springer Mature, 2020



also incorporates a vacuum system and pumps, typically a two-
stage rotary pump or turbomolecular pumps.

The system used commercial-grade oxygen and argon for the
reactive plasma environment. The gas pressure in the tube was
monitored using a system of gauges. During the operation, the
tube was cooled using a flow of pressurized atmospheric air.
The Cu® nanowires were formed using copper disc samples,
with dimensions of 10 mm diameter and 1 mm thickness, on
which the thin, long (4.5 pm) nanowires were successfully
fabricated in this system.*®

Fig. 3b illustrates the synthesis of butterfly-like copper
oxidation nanostructures using microwave-assisted hydrother-
mal technology. The energy carried by the microwaves produces
heat which facilitates the reaction, enhancing diffusion of the
substances and facilitating their attachment and thereby the
growth process. The microwaves directly assisted the inter-
mediate formation of Cu(OH); nanowires, followed by a dehy-
dration process yielding nanosheets of CuQ, to produce an
associated orthorhombic to monoclinic structural transforma-
tion. Due to their polar properties, the CuO sheets were
polarized using the microwaves, and arranged finally into a
butterfly-like morphology along the external microwave field. It
is observed that the size of the CuO butterfly-shaped structures
increases with the duration of the applied radiation, suggesting
that microwave fields play an essential role in the formation of
these special morphologies.®®

Sell-assembly and electric-field assisted growth. Fig. 4a illus-
trates the self-assembly of CuO nanowires in nanosheets yielding
zigeag-shaped twin boundaries. In order to keep the growth of
the nanowires, it is necessary to maintain an almost constant
oxygen concentration gradient in the cell. Detailed structural
analysis suggests that the fast diffusion of ions can help in the
self-assembly of single nanowires, yielding the formation
of novel twin domain regions characterized by the above-
mentioned zigzag-shaped twin boundaries. In addition, such
nanosheets displaying high specific surface areas may lead to
novel physical properties, eg., high stiffness, making them
suitable as new building blocks for future nanodevices.””

The growth of CuO nanowires, using an electrie-field
assisted oxidation method, on both sides of a copper foil has
recently been reported by Sondors et al. ™ (Fig. 4b). It was found
that increased humidity during the early stages of growth
produced higher yields of NWs with diameters smaller than
100 nm, and correspondingly large aspect ratios. Moreover,
NWs with diameters smaller than 50 nm possess unusually
large Young's moduli in the range of 200-500 GPa. Regarding
their electrical properties, the NWs display relatively large
electrical resistivities, comparable to those of CuQ NWs, and
were higher than those obtained when the electric field was
applied in wet air. These findings are quite interesting since a
combination of low conduetivity and high stiffness is excellent
for the design of nanoelectromechanical switching devices
intended for operation under extreme environmental condi-
tions, such as under high voltages or in harsh environments.

An example of the plasma-based deposition system is shown

in the upper panel of Fig. 5.7* This system is suitable for the

RECENT INNOVATIONS IN
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Fig 4 5elf-assembly and electric-field assisted growth (a) Schematic
showing the oriented self-assembly of nanowires, featuring the formation
of a zigzag twin boundary (TB). Reprirted with permission from Cao et al,
ref. 72. Copyright APS. (b) Growth of CuQ nanowires, via a modified
thermal oxidation method, on both sides of copper foil using an external
electric field. Reprinted from Sondors et al. 2020, ref. 73 under terms and
conditions of CC BY lcense.

production of nanostructures with different morphologies
[NWs, nanobelts, etc.) from various metal oxides including zinc,
iron, and copper. Examples of such CuQ nanostructures are
presented in Fig. 5. Copper oxide NWs can be grown on thin
copper foils, yielding structures of different diameters and
lengths, depending on the temperature. For example, at 300 °C
the mean diameter and length values are about 70 nm and
0.8 pm, respectively, while at 400 °C they increase to 600 nm and
1.4 pm, respectively. The presence of single-crystalline structures
associated to form CuQ NWs can be revealed using TEM
analysis, examples of which are shown in Fig. 5d and e for the
case of treatment at 300 °C and of 30 min duration.

Electrospinning. The fabrication of porous Sn0,-Cu0Q hol-
low nanofibers using a two-step technology that involves single-
needle electrospinning combined with thermal processing to
produce nanotubes (NTs) with an augmented specific surface
area is illustrated in Fig. 6. The NTs have a wall thickness that
is relatively large (15 nm), ensuring a quite homogeneous
distribution of copper oxide NPs inside their cage.””

The listed examples prove that the synthesis method of the
CuD nanostructures greatly affects their performance. Up to now,
a number of chemical methods have been developed to synthesize
CuD nanostructures. Cu® nanowires and nanosheets have been
grown directly on copper sheets in alkaline solution wa single-step
voltammetry in the experiments of Singh et al.”® Kulkarni et al™
reported the synthesis of copper oxide nanowires via a facile
solution-phase method, and the formation of Cu® nanowires
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Fig. 5 Plasma-based synthesis of Cul nancwires. Upper panel: sche-
matic of the plasma-assisted furnace deposition chamber contained
within a vacuum-sealed glass tube, showing the two pointed-end elec-
trodes that are used to ignite the plasma. Bottom panel: (a—c) SEM images
of the copper oxide nancstructures synthesized at different growth
temperatures for growth time of 30 min; (d} TEM image of a single copper
oxide nanostructure grown at 300 °C viewed along the [111] zone axis and
a nanowire model in the same orientation (inset shows the selected-area
electron diffraction pattern); and (e} high-resclution TEM image of the
copper oxide nanostructure with the marked interplanar spacing. Rep-
rinted from Guo et al, ref. 74 under terms and cenditicns of CC BY license.

obtained wa anodization in sodium bicarbonate solution was studied
by Gizinski et al™ Other chemical™® or plasmaenhanced®

methods have also been developed and have the advantages of being
controlled easily through involving the presence of reagents, or
electric and magnetic fields,™**

2.2, Recent innovations in thermal and wet-chemical

technologies

Thermal oxidation. Thermal oxidation is one of the most
widely used technologies for the fabrication of CuO nanowires.
Not surprisingly, it is currently under intense investigation.
CuO nanowires have been synthesized successfully via thermal
oxidation in air by Deng et al® (Fig. 7). They found that
increasing the annealing temperature and treatment time
resulted in an increased density of NWs. Specifically, by
increasing the temperature in the range from 400 to 600 “C it
was found that the NW diameter varied from 140-160 nm to
330-380 nm, respectively. However, an increased NW length
was favored when both the annealing temperature and time
were increased. No NWs formed below the 300 °C annealing
temperature, but above 400 °C a few short NWs start to be seen.
At higher temperatures, say between 500 “C and 600 °C, a large
amount of densely packed, long NWs emerge, where a steady
diameter increase is seen with the annealing temperature.

The thermal oxidation results discussed so far are indisso-
lubly linked to a diffusion process of Cu0Q along grain bound-
aries, in which a Cu,0 layer is formed that acts as the precursor
for the incipient NWs. Generally, the length of the nanowires
increases with the annealing time. For example, the average
length of 5.1 um was obtained in the case of 2 h of treatment,
which increased to 10.2 pm after 8 h of treatment, confirming
the effect of the annealing time on the length. By contrast, the
NW diameter turns out to be almost independent of the
treatment time. This is attributed to the fact that the NW
diameter is highly dependent on the grain size, which deter-
mines the cross-section geometry of the wires, but which is not
sensitive to thermal annealing.

RECENT INNOVATIONS IN CuQ NANOSTRUCTURE FABRICATION METHODS
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Fig. 6 Electrospinning combined with thermal processing. The fabrication of porous SN0 -CuQ hollow nancfibers for gas sensors via electrospinning
combined with thermal processing. Reprinted from Park et al 2020, ref. 75 under terms and conditions of CC BY license.
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Nanowires grown directly on W-shaped microgrooves

Fig. 7 Manowires grown directly on V-shaped microgrooves. After ther-
mal oxidation, the nanowires were grown directly on V-shaped micro-
grooves. Importantly, it was found that both microvoids and microcavities
appear to play an essential rcle in the process. Reprinted with permissicn
fromn Deng et al, ref. 84, Copyright 2021, Elsevier.

The results obtained by Jafari et al®® support the above-

mentioned conclusions, although at higher temperatures, in
the range of 500-700 “C. At 700 °C, nanowires form denser
arrays reaching 1-3 pm in length, thus suggesting that com-
pressive stress is important for determining both the nanowire
diameter and density. They show remarkable photocatalytic
properties and electrical conductivity, which could be associated
with different electron scattering mechanisms. This general
picture was also confirmed by Mahmoodi et al,” who per-
formed experiments at the lower temperature of 400 °C, in which
the NW length increased from about 1 pm after 5 h to 2-3 pm
after 5-7 h, and to 2.5-3.5 pm after 7-9 h of annealing time. As
expected, the NW diameter was insensitive to the treatment
time, falling within the range of 50-70 nm.

Experiments reported by Feng et al®™ were performed at
three temperatures (400, 450, and 500 “C) and at treatment
durations ranging from 4 to 12 hours. They confirmed that both
the diameter and the length of the nanowires increased with
temperature and the growth time. Differences in aspect ratio
trends were observed when varying either the temperature at a
fixed time of growth or the growth time at a fixed temperature.
Interestingly, a maximum diameter was found at around 8 h for
each temperature considered.

Interesting technology has been recently reported by Sun
ef al®® A Cu wafer was used as the source of copper for the
initial synthesis of Cu,S nanoparticles. During the oxygen
evolution reaction, sub-micrometer Cu,S particles transformed
into nanowire-like CuO nanostructures (Fig. 8).

Thermal oxidation was used recently to fabricate detectors
with a high level of sensitivity, as well as a fast and stable
photoresponse to visible light, using well aligned copper oxide
nanowires.” The absorption of visible light was increased
substantially by exploiting the interference effects that occur in
nanowire arrays of certain geometry. The desired combination of
geometry and alignment was realized through the use of an Si0,
template that was fabricated using repeated cycles of wet-
chemical oxidation and etching, as they enable the generation
of 3D arrays of regularly spaced, well-aligned nanoscale strue-
tures on larger surfaces with high (1 nm) resolution (Fig. 9b). The
glancing angle deposition (GLAD) technique was then used to
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Fig. 8 Cuprous sulfide derived CuD nanowires. Synthesis of Cu,S/CF and
the related phase change during operation of the oxygen evelution
reaction (OER). Reprinted with permission from Sun et al, ref. 85, Copy-
right 2021, Elsevier.

grow copper nanowires on the surface of the thus-fabricated Si0,
template, with high-temperature oxidation at 700 °C for 3 h in air
then used to covert Cu into CuD. Next, gold electrodes were
deposited by first coating the surface of the Cu® nanowires with
a photoresist via spin coating, growing a layer of Au using PVD,
and then removing the photoresist. SEM images of the obtained
structure and schematics of the device are shown in Fig. 9.

Wet-chemical and hydrothermal technologies. Wet-chemical and
hydrothermal routes for CuO nanomaterial fabrication are among
the most important techniques that are cumently under develop-
ment for eritical applications such as in lithiunrion batteries, where
wet-chemical methods ensure the fabrication of, for example,
clectrode materials,™ " optical materials,™ photocatalysts,™ bioac-
tive materials™ and other functional nanomaterials.”

Fig. 10a illustrates an interesting example of the application
of the wet-chemical process to fabricate ultrathin CuQ nano-
wires using self-assembled Cu(OH], as the starting material.®”
Cu(OH); NW structures are fabricated from an inorganic col-
loidal suspension of Cu(OH);, where the selective adhesion of
organic solvent molecules changes the surface energy of the
inorganic erystal, which in turn drives the aggregation of
crystallites and, from a practical standpoint, enables the fabri-
cation of aggregates with the desired size and shape. In this
particular study, such directed crystallite growth was used to
produce Cu(OH), NWs with an average aspect ratio of =112,
Subsequent annealing of the thus-produced Cu[OH), NWs
resulted in the formation of CuO nanowires, where the length
of the nanowire remained similar (~7 pm), and the average
diameter of the CuO nanowires increased six-fold, to ~27 nm.
This simple approach provides a potentially useful avenue for
the fabrication of electronically-active nanostructures with the
desired size and shape configurations.

Another interesting material that is currently being investi-
gated is the so-called *hybrid® Cu0/Cu;0 nanowires, for which
the mechanism of formation is illustrated in Fig. 10b.°* The
Cu®/Cu,0 nanowires were synthesized directly from copper
acetate, which is both abundant and affordable, using wet
chemistry. This very simple process consisted of mixing the
copper acetate solution in double-distilled water with ammonia
solution, followed by thorough stirring and the addition of
sodium hydroxide. The synthesis was conducted at 907 for two
hours, with stirring. After keeping the solution overnight at room
temperature, precipitates that had formed were centrifuged,
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washed with distilled water and ethanol, and dried. Despite the
remarkable simplicity and low price of this technology, the
resultant material has demonstrated an extremely high efficiency
when used as a catalytic platform for the effective conversion
of 4-nitrophenol to 4-aminophenol, the former being a phenolic

Reprinted under terms and conditions of CC BY license from Jo et al, ref. 96.

compound that is used widely in the fabrication of pesticides,
drugs, and synthetic dyes, and which is known to be harmful.
The conversion of 4-nitrophenol to 4-aminophenol is a
reaction that is also commonly used in the synthesis of analge-
sics and antipyretic pharmaceuticals, including paracetamol.
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The efficiency with which the Cu0/Cu,0 nanowires catalyzed the
conversion reaction emphasizes the potential of wet-chemical
processes for the nano-synthesis of advanced nanomaterials.

Wet chemical routes also enable the fabrication of very
important and promising copper oxide—graphene oxide (Cu0/
GO) nanocomposite materials. In a recently reported study, a
bottom-up approach was used for the synthesis of copper oxide
nanoparticles directly on the surface of graphene oxide flakes,
the latter being a hydrophilic material. The resulting compo-
sites of copper oxide and graphene oxide were obtained by
combining two specific precursors, copper nitrate and citric
acid, intermittently mixed with graphene oxide solutions.™
Importantly, the formation of the C—C, C-0, and Cu-C func-
tional groups was confirmed using FTIR analysis. Morphologi-
cally, the composite material consists of CuQ nanoparticles
deposited on planar hydrophilic graphene oxide sheets
(Fig. 10c). These results suggest the possibility of synthesizing
nanomaterial-based devices with a high degree of sensitivity
that can be used simultaneously for diagnostics and therapy,
leading to the development of new solutions in healthcare.

The top panel of Fig. 11 illustrates one of the ways by which
petal-shaped nanoparticles of copper oxide can be grown using
hydrothermal technology. The thus-obtained petal-shaped
monoclinic nanocrystals display a high size uniformity, a
considerable surface area and desirable morphological charac-
teristics. Importantly, hydrothermal technology appears to be
well suited for the synthesis of petaklike copper oxide nano-
structures due to its relative simplicity and affordability, the
purity of the resulting products, the high reproducibility of the
results, the lower defect levels in comparison with other
methods that require high temperatures, and, finally, its
remarkable ability to be sealed up for the fabrication of mono-
disperse copper oxide nanostructures in larger quantites."” To
fabricate the CuQ nanopetals, powdered copper nitrate is first
combined with water to produce a uniform dispersion, which is
then introduced into an agqueous solution of hexamethylenete-
tramine at ambient temperature with thorough stirring. Next,
the thus-obtained solution is heated to 110 °C for about 3 h
under elevated pressure. Finally, it is cooled to ambient tem-
perature, followed by centrifugation and washing. The black
solid material produced as a result of this process is then
subjected to drying under a nitrogen flow in a vacuum oven.
Thus, this process is also very simple, cheap, and does not
demand the use of complex and/or expensive eguipment.
Nevertheless, the produced CuQ nano-petals demonstrate an
advanced (above 99% in 90 min) catalytic activity for the
degradation of methylene blue in the presence of hydrogen
peroxide.

Zine oxide-doped copper oxide (Zn0O-CuQ) nanoleaves for
the non-enzymatic detection of acetylcholine and ascorbic acid
were synthesized using a facile wetchemical technology
(Fig. 11, lower panel). Cheap reagents (Le., zinc chloride, copper
sulfate and NaOH) were used. Zine chloride and copper sulfate
were dissolved in water, stirred, and the pH of the solutions was
adjusted using NaOH. Next, the solutions were stirred for
6 hours at 90 “C. After evaporation and drying, the material

was ground to a powder.’”" The prototype sensor fabricated
using this material is capable of detecting acetylcholine and
ascorbic acid in samples of human, mouse, and rabbit serum,
as well as in orange juice and urine.

Wet-chemical technology was also used to produce urchin-
like cobalt-doped copper oxide nanostructures for antimicrobial
applications and the removal of organic pollutants from
water."™ The Co-doped CuO sample was prepared using rela-
tively cheap reagents such as cobalt nitrate hexahydrate, liguid
ammonia and ethanol via wet co-precipitation technology.
Cobalt and copper salt solutions were mixed and then agitated
for 20 min at 50 °C, where stirring if the mixture was continued
until precipitation of the residue was achieved, before drying
(Fig. 12). Finally, the produced Co.Cu, .0 was chemically acti-
vated using KOH. Despite its simplicity and affordability, this
approach of combined Co doping and activation has the
potential to bring about a notable increase in the performance
of copper oxide as a catalytic platform in under visible light.

The preparation of binary metal doped CuO nanocatalysts
using liquid reagents is one more example of the wet chemistry
application to produce advanced nanomaterials. Doping CuQ
nanoparticles with cerium and zine enabled the fabrication of the
CeZn-CuO photocatalyst with superior activity." In this process,
liguid ammonia was used, simultaneously, as the precipitating
agent and pH regulator. This simple co-precipitation technology
involving the mixing and stirring of respective hydrated nitrate
solutions of cerium, zinc and copper, followed by the addition of
ammonia solution as the precipitation agent, resulted in the
formation of a nanomaterial, which was then washed and dried,
before being ground and annealed at 750 “C (Fig. 13). CeZn-CuQ
was able to degrade 81.64% MB dye in 100 min.

2.3. Effect of process parameters: recent insights
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Effcct of the heating rate. Nkhaili ef al. ™ performed experi-
ments to elucidate the effects of varying the heating rate on the
shape of the NWs grown. CuQ NWs were grown wia thermal
oxidation at 550 °C in air and for 4 h, using heating rates of'1, 2,
5, and 10 °C min~". The resulting NWs had a similar diameter
of about 200 nm when grown on a copper foil of 0.3 mm in
thickness. They found that the NW density decreases with the
heating rate. Tran et al.'™ reported measurements at 400 °C
and 600 °C. For the former, the NW length was 3-5 pm, and
width was about 30-60 nm. By varying the temperature in the
above range, the average NW diameter increased from 30 nm to
200 nm, and the NWs presented a conelike structure with a
smaller diameter towards the tip. In concomitance with the
diameter variation, they observed an increment in the grain
size of the CuO layer. Based on XRD analysis, the authors
explained the dependence of the NW size and density on the
grain size, concluding that two mechanisms are responsible for
the observed density of the NWs, that is, an efficient diffusion
of Cu ions along the enhanced grain boundaries in the oxide
layer, which was further increased as the temperature was
increased. They also found that larger NWs and lower densities
are favoured at high temperatures.
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Zuniga et al synthesized NWs of 0.3 mm in diameter at
400 °C and 500 °C in air for about 2 h.""® At the two tempera-
tures, both the diameter and length of the NWs were found to
increase with time, and the NWs were found to be composed of
bicrystals. Mohamed et al investigated NW formation from
Cu,0/CuQ composites wia the thermal oxidation of 0.51 mm
thick copper foil at 550 °C, 600 “C, and 650 “C, employing as
the input an Ar (100 scem) and O, (50 scem) gas mixture
for about 4 h.""”

The NW diameter and length results for the three tempera-
tures considered (550, 600 and 650 “C) were as follows: 95-
250 nm, 9 pm; 105-295 nm, 12 pm; and 100-295 nm, 30 pm,
respectively. It was found that at 650 °C, some of the NWs break
down when their length exceeds a certain value. This was
thought to be due to a mismatch between the CuyO and Cu
lattices, producing a larger amount of stress, indicating that the
release of such a significant stress is the actual driving foree for
the NW growth. A model was proposed by Zhu et al™® to
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explain how NW bi-crystals can be formed, leaving open the surface diffusion of Cu ions on the NW surface itself. Moreover,
question about mono-crystalline NWs, as mentioned by Zhang important results were recently reported by Hu et al who
et al."™ Besides, two main mechanisms for copper diffusion to  grew CuO nanoneedle arrays on top of commercial ceramic tubes
the NW top have drawn most attention in the literature:"™" one  using magnetron sputtering,"'"* followed by both wet chemical
is the diffusion wia a twin boundary, and the second is just the etching and annealing."™ Fig. 14 (upper panel) illustrates the
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scheme of the process, and Fig. 14 (lower panel) shows the SEM
images of the obtained nanostructures. This technology opens the
way to the fabrication of cheap tubeike gas sensors.

Effect of oxygen flow. The oxygen flow is one of the important
parameters that controls the growth of CuD nanostructures. Not
surprisingly, many studies have been devoted to the effect of
oxygen flow on the CuO parameters. As shown by Hansen
et al,'™ the diameter and length of the NWs increase with the
oxygen flow and concentration. With heating at 500 "C and
oxidation for about 150 min, they considered flow values of
0.5, 0.75, 1.0, and 5.0 mL min~ ' From measurements at
5 mL min~", where the O,/Ar ratio in the used mixture was
varied in the range of 10 to 100%, they concluded that the O,
concentration is the parameter that actually controls the process.
Kumar et al "' also report studies on the effects of oxygen flow,
suggesting the existence of a possible optimal flow rate to oxidise
the copper surface. Oxidation measurements were carried out
at 500 °C, and the flow rates were chosen to be 35, 150, and
300 mL min~", yielding average NW lengths in the ranges of
1-3 pm, 2-5 pm and =<2 pm, respectively. At an even higher flow
of 500 mL min~", no NWs were found. A possible explanation for
this behaviour is the absence of seeds for the NWs as a result of an
alteration of the stress conditions in the oxdde layer. The possible
existence of an optimum oxygen flow for NW growth has also been
reported recently.” Another interesting effect to be taken into
account is that of the humidity, as studied by Xu et al,"*® in which
they considered wet air and wet oxygen. They concluded that the
nanowire morphology is determined to a large extent by the
partial pressure of oxygen, while water vapor has opposite effects
in air with respect to the oxygen atmosphere. In wet air, the NWs

are denser and more uniform, yielding diameters of about 80 nm
and lengths of 3 pm, while in a wet O, atmosphere, they have
lower densities. The conclusion is that water vapour can affect
both the nucleation and the growth rate of the nanowires. Indeed,
Sondors et al reported that the NW growth can be affected by the
humidity and by the application of an external field.”

Initial roughness of the copper substrate. The effect of the
substrate thickness on the growth of NWs has been studied at
400 °C,"" and it was found that no NWs grew on 500 nm thick
films, although they appear at the 1 pm level. Rough copper
substrates yield smaller grains within the oxide layers, thus
favouring grain boundary diffusion,"*®** and at the same time
leading to higher NW densities. Copper is delivered vig the Cu O
layer to the Cu,0/CuQ oxide boundary, thus both lattice®™ and
grain boundary™" diffusion mechanisms can be present. The
former dominates in the range of 350-500 “C whereas the latter
dominates at higher temperatures of 800-900 °C,"* and both
mechanisms will be operating in the model when the NW
growth temperature lies between the mentioned intervals. Tang
et al'* have shown that impurities andfor cracks can also
influence the diffusion process, the phenomenology of which
was explained by invoking the Kirkendall effect.™ Diffusion
results from stress gradients along its path, associated with the
different molar volumes belonging to both oxides and the metal
phase." Mema et al. succeeded in controlling the mechanical
stress generated by the deformation of copper foil, resulting in
enhanced NW growth."*® Apparently, the macroscopic stresses
so generated appear to be of a much lower magnitude than those
mentioned above. Finally, Park et al. suggested an explanation
based on a two-step process yielding the formation of so-called
hillocks of copper in order to relieve the stress.™” This leads to
the formation of a Cu,0 phase through oxidation of the hillocks.

Hybrid systems based on Cu, 0 nanowires. Hybrid systems
possess great potential for various applications but pose a hard
problem regarding their synthesis. Le et al. succeeded in the
production of a hybrid system based on gold nanoparticles and a
Cu, 0 nanowire-3D copper foam.™ First, the 3D copper foam (3DF)
was cut into slices, deaned, washed and then immersed, at room
temperature, into a mixture of 2.5 M NaOH and 0.13 M (NH,),5.05,
with gentle stirring for about 15 min. Then, Cu[{OH), nanoneedle
arrays were grown on the 3DF, and as a result the sample was
washed with water and dred. Next, the Cu(OH), NWs-3DF were
reduced to Cu NWs-3DF at 200 “C under a mixed fow of Ar and H;
gas for 80 min. After the reaction had finished, the system under-
went rapid cooling to room temperature under the action of an Ar
flow (100 scem); it was then removed and followed by rapid
immersion in a 1 mM HAuCl, solution for 1 min. This allowed
the electroless deposition of the sample, as shown in Fig. 15a. Thus,
the resulting Au-Cu@Cu, 0 NWs-3DF was carefully rinsed, followed
by drying under a flow of N, gas. Fig. 15b shows images of the
synthesized Au-Cu@Cu,0 NWs-3D foam hybrd structure.

2.4. Recent insights into the driving forees lor one-
dimensional growth

The question of the driving foree for the 1D formation of long
nanostructures is still under debate."* Among the possible NW
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growth mechanisms, vapour-solid (VS) and vapour-liquid-
solid (VLS) approaches are not appropriate for temperatures
in the range of 300-800 °C, which are well below the melting
point of Cu or its oxide compounds. Recent experiments have
suggested that CuO NWs can grow on their tops,”""" suggesting
that Cu should be supplied to the tops of nanowires, thus
enabling their reaction with oxygen. As we already mentioned
above, the possibilities of this can occur vig Cu diffusion either
along the grain boundaries or on the NW surface."*" However,
both explanations have some drawbacks. For instance, in the
case of surface diffusion, one would expect thicker NWs at
the bottom, while most of the available results point to a
uniform NW width distribution. If the diffusion along the grain
boundary is assumed, one cannot explain Cu diffusion for
cases in which grain boundaries are not present, which have
been indeed observed in experiments. Interesting results
were obtained by Chen et al. with respect to the effect of the
annealing time: a large number of long thin nanowires were
grown at 500 “C and 8 hours of exposure, and only CuO
crystallites were developed at the same temperature but for
24 hours of annealing."* The results are a possible manifesta-
tion of the fact that the reaction between oxygen and copper
takes place at the side of the NW surface or on its defects,

without the need to invoke any of the above-mentioned
mechanisms or even in synergy with them.

Diffusion and synergy as important driving forces for the
srowth. By measuring the diameter and length of nanowires as
a function of time, Chen et al. demonstrated that the diffusion
of copper along the sides of growing nanowire surfaces led to
the formation of oxides along their diffusion paths.™" Indeed,
TEM analysis has shown that above a certain oxygen pressure,
twin boundaries act as nucleation sites of newly favoured
phases."* This corresponds with several observations of bi-
crystalline nanowire structures displaying twin boundaries in
the middle of the surface.**"* Interestingly, Shi et al."** have
suggested that synergetic effects associated with the thermal
growth of CuQ NWs are able to explain many of the observed
single/bi-erystals and cone-shaped NW structures. Furthermore,
Tu et al *® obtained single-crystal NWs at 400 °C, while at higher
temperatures of 500-600 “C bi-crystal NWs were found.

Conductive [ilms to intensily the growth. A study of annealing
and the activation layer for the growth of CuO NWs has been
discussed by Chawla et al,"” where copper films could be
synthesized on silicon-based buffers, using sputtering techni-
ques. The obtained samples underwent a careful annealing
process by varying the temperature in the range of 300-700 “C,



for a sufficiently long time between 2 and 8 hours. This proce-
dure enabled the authors to gain insight into the growth
mechanism involved in the formation of the NWs. In addition,
it was found that the use of a thin gold film on the top of the
structure enhanced both the density and the aspect ratio of the
NWs, due to the intrinsic conduetive properties of gold behaving
as an active layer. The authors concluded that the optimized
conditions for the growth of high-density NWs were copper films
of 800 nm thidkness, and annealing at 450 “C for about 6 hours.
The use of a conductive film on top of the CuO film performs
slightly better by yielding a higher density of NWs at the lower
tem perature of 400 °C for about the same treatment time of 6 h.
A complex study revealing the role of gold decoration on the
growth of copper oxide nanowires was carried out by Mishra
ei al"® The authors used the following technology seguence
(Fig. 16): first, an initial array of CuQ nanowires was grown
until saturation using a microwave plasma at atmospheric
pressure; then, the array was covered with separated gold
nanoparticles; next, a second plasma oxidation treatment was
carried out. It was predicted and verified that the growth of the
nanowires re-started during the second oxidation. A combi-
nation of growth in plasma, where the nanowires grow quickly
to the saturated length, and then the deposition of metals
followed by a second exposure to plasma results in changing
the morphology of the nanowires, thus providing an effective
tool for control over their physical and chemical properties.
The saturation was explained using a model that took into
account the mechanism of ion bombardment under the action
of low-pressure plasma.™® In contrast, the atmospheric oxygen
plasma applied in the present experiment, contains a large
number of radicals, electrons, dissociated oxygen atoms and

SCHEME OF CONTROLLED GROWTH

(I Growth stopped
(saturation)
after 1h
of oxidation

Nanowires

Substrate
/

(I1) Gold deposition

Gold nanoparticles/
on nanowires

Growth resumed
after gold deposition
T

7~

(I} Formation of
hierarchical metamaterial

Mot coverad by Au

\ gfuuering

surface

oxygen molecules; the absence of ions means that this plasma
can be considered as ‘mild” with respect to the damage caused
by an ion-containing low-pressure plasma. The presence of the
oxygen radicals results in much a more intensive oxidation of
the copper sample surface, as was demonstrated in the experi-
ments; the excited molecules cause oxidation of the copper
samples at relatively low temperatures. The oxide layer usually
consists of two sub-layers, namely copper(n) oxide [or cupric
oxide [CuQ)), and copper(i) oxide (or cuprous oxide [Cu,0]).
Both oxides are formed because of the diffusion of the species,
which can be via lattice, boundary, or surface diffusion. In this
case, the copper atoms moving from the copper layer are
involved in the oxidation process on the side surface of the
growing nanowire. The prolonged growth results in a decrease
of the copper flow delivered from the NW base to the NW top,
and the longer the NW, the lower is the supply of the copper
atoms. At a certain stage the growth is terminated because all
the copper is oxidized on the path to the NW top (Fig. 16).
However, the intermediate deposition of noble metal enables the
NW growth to be prolonged through the following mechanism.
Noble metals do not interact with oxygen, thus the surface of the
noble metal deposited on the side surface of the nanowires is
relatively free of oxygen. More copper atoms can reach the top
because the noble metal deposition decreases the density of
adsorbed oxygen on the side surface of the NWs and the
generation of copper oxide. As a result, copper is delivered
further to the NW tip, where it is involved in a reaction with
the oxygen adsorbed on the NW tip, and the NW continues to
grow to a longer length.

# Thus, many different techniques and methods have been
developed and enhanced recently to produce various types of
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Cu0 nanostructures with low dimensionality. Below we will
outline some recent innovations in the application of such
structures, focusing mainly on energy, photocatalysis and sen-
sing as the most important fields.

3. Innovations in the application of
CuO nanowire-based metamaterials

First, we stress that the applicaton of CuO nanostructures for
energy, photocatalysis and sensing usually requires sophisticated
functionalization to impart additional properties and ensure the
high performance of CuO-based devises. The functionalization of
Cu0 nanostructures with noble metal nanopartides is one of the
more promising technigues for enhancing the properties of Cu0-
based devices. Gold nanoparticles, among others, play a panticularly
significant role because of their catalytic activity and broad range of
potential applications."*” Aubased materials have many potential
applications in catalysis, in oil hydro refining, as drug camiers
and eledrode materials, in solar cells, organic synthesis, and
in water and air purification."*" Metal oxide-Au and graphene-Au
sensors,' photocatalytic materials,"* photoelectrodes,™* label-
free biosensors,""® materials for photoelectrochemical applica-
tions,"*® integrated electrochemical sensors,"” and free-standing
hiosensors for the nonenzymatic detection of H,0,'** are recently
reported examples of metal-oxide and graphene-based metal-
functionalized nanomaterials. Copper axide nanostructure are no
exception, and can often undergo similar reatment with suceessful
practical implementations.

3.1, Innovations in Cud nanowire-based metamaterials for

sensing

In the study conducted by Yang et al,"*® sensitive CuO/Ag
substrates were synthesized using thermal oxidation and
magnetron-assisted sputtering. Their surface-enhanced Raman
scattering (SERS)"" activity was enhanced by exploiting the rich
Cu0 NWs built on the surface of the nanostructures. Since the
Ag work function is 4.1 ¢V and that of CuO is 5.3 eV, electrons
will move to Cu0 when CuQ NWs are covered by an Ag film, thus
bringing the Fermi level to equilibrium. Therefore, one expects
that combining “positvely charged” Ag with “negatively
charged” CuO will create a stronger electromagnetic field in
response to the specific laser irradiation. Since the CuQ/Ag NW
array is rather sparse, the molecules prompted for the surface
analysis will diffuse across the system, thus enhancing the
Raman signal. It should be noted that in the future, copper
oxide nanostructures may be used even more efficiently
for signal amplification in the SERSbased detection of bio-
molecules with Au and other noble metals films through hot-
spot field enhancement.™*

CuO nanoneedles on a commerecial ceramic tube'? were
tested as an excellent H,S gas sensor. The authors concluded
that further improvement could be made by designing hetero-
junections supplemented with suitable modification of CuD the
NW arrays (Fig. 17). Hierarchical nanostructures built upon
Au nanoparticles and Cu0O NWs have been implemented by
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CuQ nancneedle arrays in air, and (b} in He5 In addition, the system
performance can be further improved by building a hetercjunction,
followed by suitable noble metal modification of the CuQ nanowire arrays.
Reprinted with permission from Hu et al, ref. 113, Copyright 2021, Elsevier.

Zhao et al.*™ for use as portable enzymeless glucose detectors.

Le et al.'™® successfully developed such hybrid systems as
biosensors, aimed at 1-cysteine detection, displaying properties
of a wide detection range, lasting stability, and excellent
selectivity. The emerging synergistic effects boosted the sensing
performance by improving the exposure of the relevant electro-
active sites, accelerating the rate of charge transfer, and
increasing the specific surface area. The latter was the result
of a prominent 3D hierarchical nanoarchitecture, characterized
by impressive mechanical propenties that enhance the electrolyte
penetration, the diffusion of ions, mass transfer, and the ability
to increase charge transfer.

Aluminum-doped CuO nanoleaves can also be used for the
development of carbon monoxide sensors (Fig. 18)'* A co-
precipitation technology was employed to produce doped copper
oxide nanostructures, which were then employed as basic building
blocks for the fabrication of cheap sensors for the detection of
carbon monoxide with high sensitivity at low working temperatures.
The sensitivity of the CO sensors to various gas concentrations
was investigated over a very wide range of 35 to 12 500 ppm,
and at temperatures in the range of 70-230 “C. While pure
Cu0 nanostructures showed a response of about 50% at 120 °C,
the response of aluminum-doped nanoleaf-shaped coper
oxide structures was substantially stronger, at nearly 70% at
150 “C.

Finally, Hao et al. modified Cu NWs by depositing them on
top of graphene oxide nanosheets to obtain a sensor for multiple
simultaneous uses, such as in the detection of ascorbic acid,
dopamine, and acetaminophen.'®® Fig. 19a presents a schematic
of analyte gas molecule adsorption on the CuQ/rGO hybrid
surface. The novel copper oxide/functionalized graphene hybrid
nanostructures were fabricated for gas sensing.'™ Fig. 19b
shows the sensing response curve of a guarte crystal microba-
lance gas sensor with the CuQ/rGO hybrid.
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Fig. 18 Carbon monoxide sensor. (a) Principle of the sensing mechanism
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optimum temperature of 120 and 150 “C, respectively. Reprinted with
permission from Molavi et al, ref. 153 Copyright 2020, Elsevier.

3.2, Innovations in Cu0 nanostructure-based metamaterials
for biosensing

Biosensing is a very important area of application where Cu0-
based nanostructures and metamaterials ensure excellent
results. CuO-based nanostructures were used recently for the
fabrication of quite different biosensors'™ that are capable of
detecting neuromodulatory molecules such as dopamine, "%
as well as active substances that are important for living beings,

eg., glucose, cysteine, carbon monoxide, hydrogen peroxide

and others. Below we provide a brief overview of some of the
recent innovations in copper oxide-based biosensor technology.
A colorimetric visual biosensor for detecting r-cysteine has
recently been synthesized using dopamine-coated copper oxide
nanoparticles. This innovative approach is based on the use of
natural dopamine, an organic molecule from the catechola-
mine and phenethylamine families and a neuromodulator, the
chemisty of which is frequently used for the surface function-
alization of copper oxide particles to improve their stability
and sensitivity to w-cysteine (Fig. 20a)."*" As a semi-essential
amino acid that plays an important role as a building block in
protein synthesis, Lcysteine oceurs at intracellular concentra-
tions of 20-200 puM in biosystems.”® The dopamine<oated
copper oxide nanoparticles [CuO@DOP NPs) were fabricated
using microwave radiation [(operating parameters: 800 W,
2450 MHz). The actual suitability of the newly developed sensor
for the detection of 1-cysteine was ascertained by using it to
analyse clinical samples of blood serum and urine. Fig. 20b
shows the representative fluorescence emission spectra of the
dopamine-coated copper oxide nanoparticles as a function the
r-cysteine concentration. The authors conclude that a sensor
based on such dopamine-coated copper oxide nanoparticles
may be used for the detection of w-cysteine both rapidly and
with a high level of sensitivity across a broad range of concen-
trations, while being biocompatible with living systems.
Nanostructures with interesting and very promising properties
were recently reported by Cheng et al."™ Mesoporous hollow CuO
spheres were fabricated and tested for use in paper-based hydro-
gen peroxide sensors, where the research was stimulated by the
increasing demand for reliable, convenient and cheap paper-
based sensors for the rapid detection of hydrogen peroxide in
clinical, personal and industrial settings. Fig. 21a illustrates the
schematic for the fabrication of hollow mesoporous CuQ sphere
nanozymes. The latter were fabricated by decomposing spherical
copper-polyphencl colloidal particles. The resulting spherical
structures were uniform in size (at ~100 nm) and hollow, and

RECENT INNOVATIONS IN Cu0 NANOSTRUCTURE APPLICATIONS: SENSORS

Copper oxide { functionalized graphene hybrid for gas sensing

(a)

Tube

Functionalized
Graphene

Freguency shift, &A Hz

(b)
_ CulirGO Hybrid

1000 1

900 - I :

800 4

T00 A
600 -

500 4

Fig. 19 Cocpper cxide/functicnalized graphene hybrid for CO. gas sensing. (al Schematic of analyte gas moelecule adserption on the surface. (b} Sensing
response curve of the guartz crystal microbalance. Reprinted from Gupta et al 2022, ref. 154 under terms and conditions of CC BY license.



RECENT INNOVATIONS IN CuQ NANOSTRUCTURE AFPPLICATIONS: BIOSENSORS

CuQ nanoparticles as colorimetric biosensor for detecting cysteine
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Fig. 20 CuQ nanomaterial-based biosensor. (a) Cud nanoparticles as a colorimetric biosensor for detecting cysteine, and (b} luorescence spectra as a
function of the wawvelength for dopamine -coated copper oxide nanoparticles, for different concentrations of L-cysteine. Reprinted with permission from
Rohilla et al, ref. 158. Copyright 2020, Elsevier.

featured an impressive specific surface area that reaching about
58 m* g ', with significant (about 0.5 em® g™*) porosity, and
interconnected mesopores reaching diameters of 5.8 nm.

Fig. 21b shows a schematic of the detection mechanism for
hydrogen peroxide by the hollow mesoporous CuO sphere
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nanozymes. The sensors demonstrated an excellent peroxidase-
detection activity as well as detection repeatability, as illustrated
in Fig. 21c. They can be used for the colorimetric detection of
peroxidase in the concentration range of 2.4-150 pM.

A method for the fabrication of hydrogen peroxide sensors
using a simple polyol method, where copper oxide particles are
produced when copper{u) acetate is hydrolyzed in 1,4-butanediol
in the absence of additives, was also reported recently.*" Fig. 22
illustrates the general approach for the synthesis of the copper
oxide nanoparticle (CuONP)-based non-enzymatic electrochemi-
cal sensor, The authors simply dropcast the sensing CuONP
nanomaterial onto a glassy carbon electrode (GCE) which was
modified using the poly(34-ethylenedioxythiophene) [PEDOT)
conducting polymer. The latter was formed as a layer on a glassy
carbon electrode via a sinusoidal voltage method.

The formation of nanoparticles assembled into quasi-pris-
maticallyshaped microscale aggregate structures with sizes in
the range from 1 pm to ~ 200 pm, characterized by a meso-
porous structure, was reported recently. Furthermore, the newly
designed electrochemical sensing platforms appear to respond
linearly with an increase in the hydrogen peroxide concentration
from 0.04 to 10 mM, and have a low threshold (about 8.5 pM) for
peroxide detection. Importantly, the sensing platform features
very good anti-interference characteristics when substances, e. g,
potassium nitrate and potassium nitrite, which are known to
interfere with the detection of hydrogen peroxide, are present.

In addition to detecting biomolecules, copper oxide-based
biosensors may be useful in the detection of viral protein
structures for both health and environmental applications."*
Viral infections can spread rapidly amongst human, animal and
plant populations, and their timely detection is often critical to
limit their spread and develop a treatment plan. Amongst the
most prominent examples of this are the human immunodefi-
ciency virus (HIV), the Ebola virus, and, most recently, COVID-19.
The polymerase chain reaction (PCR) is currently the most reliable
technology used to determine the identity of a virus; however,
its use is limited by its high cost and the length of time it takes
to produce the answer, especially when demand for the service
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is high. To circumvent these limitations, a new generation of
sensors is needed. An example of such a sensor was recently
developed using a graphite electrode decorated with CuQ nanos-
tructures deposited wa wet chemical processing. The antibody
comresponding to the nucleocapsid protein of the SARS-CoV-2 virus
was immobilized on the CuO-graphite electrode structure, where
the N protein is an abundant RNA-binding protein that plays an

important role in genome packaging in viruses. The antigen-anti-
body interaction was confirmed using square wave voltammetry
(SWV). Fig. 23a illustrates the fabrication technology and explains
the main steps, and Fig. 23b shows stronger performance brought
about when graphite electrodes are modified with both hydroxva-
patite (HAP) and copper oxdde (CuQ), compared with a pure
graphite electiode or that modified with HAP alone.
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3.3. Innovations in CuQ) nanowire-based metamaterials for

slucose detection

The quick and reliable detection of glucose remains a very
important challenge as the incidence of diabetes is increasing
at an unprecedented rate all over the globe. At present, close to
half a billion people on the planet suffer from this chronic
condition, as estimated by the World Health Organization,
while only about one hundred million cases were registered
in 1980. Our ability to deal with this disease relies on the
availability of devices and technologies for the accurate, repro-
ducible and rapid detection of glucose concentrations of in a
variety of media, from patient blood to food and medication
that the patient may be consuming. Unfortunately, the cur-
rently available sensors for glucose detection are limited by
their use of high-cost enzymes, and the results that they
produce are insufficiently reproducible. As a consequence,
efforts have been made to develop cheaper non-enzymatic
sensors with both high selectivity and sensitivity.'®*

Baek et al.*™ proposed a novel electrospinning method for
the fabrication of a graphene-based oxide nanofiber decorated
with Cu-nanoflowers to be employed as an electrochemical
biosensor for glucose detection (Fig. 24). Chen et al.*® fabri-
cated an NO, sensor using gold-functionalized Cu0O nanorods
via a hydrothermal process at a room temperature. The result-
ing Cu0 nanorods had a diameter of 30-60 nm and a length of
150-200 nm, and displayed a robust structure that was not
affected by the Au functionalization process used. It was found
that small Au nanoparticles, with a diameter smaller than
about 20 nm, were quite uniformly distributed over the surface.
The authors concluded that the observed enhanced sensing
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characteristics were due the increased number of oxygen
vacancies as well as to the lower activation energy as a result
of Au functionalization. Lee et al.*®® developed a network of
p-Cu0 NWs grown on a predefined electrode pad pattern wia
the thermal oxidation of a Cu layer deposited using an electron-
beam. Heat treatment of the Au layer, deposited by sputtering,
was used to functionalize the Au nanoparticles. The latter had a
diameter in the range of 20-145 nm, obtained by controlling
the deposited Au layers thickness. It was found that Au fune-
tionalization enhanced the sensitivity of the CuQ nanowires
to a large extent, yielding the best sensing characteristics
after functionalization with 60 nm-diameter Au NPs. One may
conclude that, for functionalization to be efficient, the size
optimization of the nanoparticles is very important to ensure
the superior sensing characteristics of the oxide nanowires.
Indeed, the response for CO was improved by approximately a
factor of two compared with the traditional method using
benzene and toluene.

Nanowires with high aspect ratios were reported by Hadiyan
et al."™ Cu,O NWs of 180 nm in diameter and 8 pm in length
were synthesized wig electrodeposition onto a polycarbonate
substrate immersed in an aqueous solution, Further annealing
yielded CuQ/Cu,0 composite NWs. They found that, at 250 °C,
the Cu,0O NWs work well as an accurate ethanol gas sensor,
while their Cu0/Cu,0 counterparts also showed good sensing
response for CO at 150 “C. These results indicate that the Cu,O
NW gas sensor is almost six times faster than sensors designed
using CuO/Cuy0O nanowires. A comprehensive analysis con-
ducted by Qi et al'®™ on CO oxidation both in oxygen-rich
and in hydrogen-rich atmospheres demonstrated that the CuQ
species play a major role in the oxidation of CO, consistent with
the fact that the superior Au/CuQ catalyst relies on its strong
interaction with the substrate gold nanoparticles.

An excess glucose concentration in human blood can have a
negative impact on human health. Therefore, people are
actively working on the issue of detecting blood glucose con-
taminants in the human body, which can be an important
indicator of the surge of diabetes. A complex copper oxide/zine
oxide nanostructured material for non-enzymatic glucose sen-
sing was reported recently by Cheng et al*™ Electrodes were
fabricated wia a simple solution method, i.e., by the immersion
of Zn0 nanostructures into copper ion solutions. Tetrapod-like
Zn0 nanc-powders were first obtained using a direct current
plasma method, and the resulting surface was uniformly deco-
rated with CuO nanoerystalline particles (Fig. 25a). Fig. 25b and
¢ illustrate the response of the fabricated sensor to glucose.

In the interesting work by Patil et al, thin CuO films
synthesized vig chemical bath technology were reported.'®®
They found that thin films feature a much stronger response
to glucose, in comparison with their response to ascorbic acid.
The work by Steinhauer reviewed the recent achievements in
designing novel devices using copper oxide nanomaterials, and
discussed the key factors that determine the sensing character-
istics and efficiency.'™

Recently, an interesting electrodeposition approach was demon-
strated to design ultrasensitive amperometric non-¢nzymatic
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Fig. 25 Copper oxide/zinc oxide nanostructures for a non-enzymatic glucose senser. (a) Schematic of the fabrication process. (b) Current-voltage
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glucose biosensors that use a more complex architecture, Le.,
magnetically active thiol-functionalized Fe,0,-SH over a glassy
carbon substrate, decorated with honeycomb-like copper oxide
onto which silver nanoparticles are immobilized."™ Fig. 26a
illustrates the electrode structure that incorporates all of these
elements, and Fig. 26b shows the cyclic voltammograms of
glucose in NaOH for the bare electrode and for various CuO-
honeycomb-supported systems. The thus-fabricated sensors
show excellent sensitivity for glucose and a stability of response
over a broad range (0.06-1000 mM) of glucose concentrations,
with a detection threshold of 15 nM. As such, these sensors
could potentially be used to detect glucose reliably in blood and
urine clinical samples.

One more technology for the fabrication of copper oxide-
based biosensors for non-invasive glucose detection was devel-
oped recently by Franco et al. """ In order to fabricate the sensor,
the authors first printcoated electrodes onto fabric that was
made of cellulose using a paste containing graphene. Cellulose
is an excellent substrate material as it offers an attractive
combination of minimal cost and toxicity, abundance, excellent
compatibility with living systems, the ability to be disposed of and
degrade naturally, as well as excellent porosity that maximises the
contact area between the sensor and the biofluid. Drop-casting
was then carried out to deposit CuyO nanoclusters onto the
surfaces of the graphene electrodes, with the Cu,0O crystals
synthesized via an ascorbic acid reduction method. The sensing
was made possible by exploiting electron transfer from copper
oxide in an aqueous solution of sodium hydroxide and artificial
sweat that takes place at a considerably low potential of +0.35 V,
with the existence of the reduction-oxidation reaction between
glucose and the nanoparticles confirmed using eyclic voltammetry
and other characterization methods.

Fig. 27a illustrates the simplicity of this fabrication technology,
which makes it highly attractive for the large-scale production of

cheap disposable sensors that at the same time demonstrate a
high level of sensitivity and reproducibility. The latter character-
istics are shown in Fig. 27b for a NaOH solution with glucose
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levels ranging from 0.1 to 1 mM. Under these conditions, sensors
based on copper oxide over a glassy carbon electrode show a
sensitivity of about 1082 pA mM ™' em™?, whereas those based on
copper oxide nanoclusters over graphene electrodes (on cellulose)
recorded a sensitivity of about 182 pA mM ™' em % These
measurements confirm the potential for these sensors to find
applications in the non-invasive monitoring of patients with blood
sugar disorders, particularly where portability improves patient
uptake and compliance, as they show selectivity towards glucose
in the presence of interfering urea and NaCl that are typically
present in human sweat.

34, Innovations in CuQ nanowire-based metamaterials for
energy and catalysis

Many experiments have been published that report the use of
gold as a metal nanoparticle source for the functionalization of
Cu0 nanostructures. Efficient CuQ photocathodes that feature
remarkable stability were reported by Masudy-Panah et al.*™
These authors exploited the novel engineering of in situ materials
based on the deposition of gold-palladium (Au-Pd) nanoparticles
on the surface of CuO. The basic functioning of these nanostruc-
tures relies on plasmonic centers which trap the incoming light,
thus enhancing the optical absorption of the system. The asso-
ciated hydrogen amount becomes larger than in the cases of bare
CuO photocathodes.

The results obtained by Sun et al. suggest that complex
materials of hybridized cuprous sulfide and copper may play an
important role in water splitting in pre-catalytic processes that
do not use noble metals.” Interestingly, the Cu,$ particles
evolved into CuQ nanowires directly in the oxygen evolution
reaction (OER). Similarly, nanostructures for the OER were
reported by Butt ef al, and the copper nanowires were fabri-
cated wig the reduction of CuQ nanowires in hydrogen
plasma.'™ Testing this material for application in the hydrogen
evolution reaction (HER) proved its exceptional characteristics,
with the performance significantly exceeding the values
obtained for the bulk copper material. Next, the complex

Cu0/Cu,0 nanomaterial for Na’ ion storage was synthesized
by Ma et al. """ via the in situ modification of copper foam using
the hydrothermal method (Fig. 28). The synergetic effect of CuQ
and Cu,0 oxides can contribute to decreasing the volume
change between the host materials, and, as a result, additional
Na' ions can be stored in the interfaces between the two oxides,
leading to conspicuous capacity enhancements. The review by
Majumdar ef al'™ outlines the recent advancements in CuQ-
based nanosystems, which are typically employed for the design
of better electrode materials aimed at developing advanced
supercapacitors. In addition, they discuss the electrochemical
responses for a variety of CuO nanostructures.

Pristine nanomaterials based on copper oxides feature a
relatively low electrical conductivity and a rather low electroche-
mical stability. To overcome these and some other shortcomings,
CuO nanomaterials could be combined with pseudo-capacitivept
materials such as, eg, chalcogenide or carbon-containing
materials like conductive polymers, graphene- and carbon
nanotube-containing materials. A combination of CuD nanowires
with graphene sheets was recently demonstrated to obtain highly
porous, conductive hybrid nanomaterials that could be fruitfully
employed as high-performance supercapacitor electrodes with
enhanced capacitances (Fig. 29).7° Currently, the development
of new technology based on high-performance nanoelectrome-
chanical systems (NEMS) is limited by the problems associated
with the synthesis of NEM switches based on single nanowires.
A suceessful application of Cu0 nanowires as a NEM switch
clement was recently reported by Jasulaneca et al'™ Moreover,
the anodized copper foams obtained by Abd-Elnaiem et al. have
been to be an efficient material for enhancing the efficiency of
organic dye decomposition."®

A number of experiments carried out to develop a method
for the highly-controllable synthesis of nanostructures includes
a stage achieves metal nanoparticle deposition. In the study
reported by Kim et al, broadband absorbing surfaces for solar
energy applications were developed on self-aggregated alumina
nanowires.'®" Excellent antibacterial activity was reported by
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Menazea et al. for the material based on graphene oxides with
the gold and CuO nanoparticles."™ Sun et al. proved that the
functionalization of transition metal surfaces, carrying dichal-
cogenide nanosheets, could be used to obtain better electrical
contacts to devices, together with the improvement of their
catalytic and sensing characteristics.™™ Along this line of
research, Attar at al*** reported, for the first time, the high

electrocatalytic performance of a carbon paste electrode mod-
ified by polypyrrole-copper oxide particles (Cu,0/PPy/CPE]) for
the electrocatalytic oxidation of ethanol.

Fig. 30a shows the technology for the fabrication of sell
supporting electrodes for the oxygen evolution reaction and
supercapacitors. By employing a facile electro-oxidation method,
Cu,0 nanoflakes have been successfully grown in situ on a

RECENT INNOVATIONS IN CuQ NANOWIRE APPLICATIONS

Copper oxide nanowire/graphene hybrid nanostructure for high-performance supercapacitors

80

60

L]
k=1

[—— 100 mvis ——100 mVis
4p L—— 50 mvis (b) 4p L——50mis (©)
—— 10 mWs

— 10 mWs 3

[*]
=1

s o)

Current density (A/g)

(=]
—T T T T

Current density (A/g)
=]
1

-2 20 -
= RGO-only | 3 [ CuO-NWIRGO hybrid
&0 L 1 1 1 L 60 L L 1 1 1
06 -04 02 00 0.2 0.4 0.6 08 -04 D2 00 0.2 0.4 0.6
CUO-NWIRGD hybrid 3D CNS Potential (V) Potential (V)

Fig. 29 CuO-nanowire/reduced graphene oxide hybrid for high-performance supercapacitors. (a) Schematic of the CuC-nanowire/reduced graphene
oxide hybrid three-dimensional carbon nanostructures. (b and ¢} Electrochemical current—voltage curves for RGO-only and CuQO-nanowire/reduced
agraphene oxide hybrid three-dimensional carbon nanostructures. Reprinted with permission from Luan et al, ref. 178. Copyright 2019, Elsevier.



RECENT INNOVATIONS IN CuO NANOSTRUCTURE APPLICATIONS: SUPERCAPACITORS

Copper oxide nanowire-based nanostructures for high-performance supercapacitors
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(a} Fabrication process of the Cu O/ Cu electrodes. Reprinted from L etal. 2022, ref. 185 under the terms and conditicns of the CC BY license.

(b} Fabrication of activated graphene [AG) /reduced graphene oxide (rGO) deposited on a porous Cu (P-Cu) mesh. Reprinted from Lim etal. 2021, ref. 186
under the terms and cenditions of the CC BY license. (c and di Morphology of ancdic Cu/'CusC nancneedles cbtained for Cu feils ancdized in KOH-
HaO-MH4F electrolyte. Inset in [d) is a high-magnification SEM image. Reprinted from Oyarzln et al 2021, ref. 187 Copyright under the terms and

conditions of the CC BY license.

nanoporous Cu foil. In order to realize the formation of a
nanoporous Cu layer on a flexible Cu foil, a Ga—Cu alloying/
dealloying system prepared on a Ga-assisted surface was used.
Electro-oxidation carried out at a constant potential was used to
modify the nanoporous Cu layer containing the Cu, 0 nano-
flakes. The optimum electrode configuration was able to deliver
a rather high areal capacitance of about 0.75 F em ™ at a current
density of 0.2 mA em ™ * The samples were able to maintain
about 95% of the capacitance through 12 000 cycles. The super-
capacitor built using Cu,0/Cu as the positive electrode and
activated carbon as the negative electrode demonstrated energy
and power densities of 242 W h kg™' and 0.65 kW kg%,
respectively.'®

Another technology for CuO-based supercapacitors has been
reported recently by Lim et al., in which a porous Cu mesh was
implemented as the current collector, while a porous surface
was made vig thermal annealing of the Cu mesh in an ammo-
nia gas environment.'®® Activated graphene, with a hierarchical
porous distribution and a high specific surface area, and
graphene oxide were deposited onto the porous Cu substrate
via electrophoretic deposidon. Subsequently, the graphene
oxide was transformed into electrically conductive rGO. This

material yielded a high specific capacitance reaching 140 F g7,
together with a prominent energy density exceeding 3W hkg™*
(Fig. 30b). Fig. 30c and d show SEM images of the anodic CuQ/
Cuz0 nanoneedles obtained for Cu foils anodized in KOH-
H,0-NH,F electrolyte.'®”

»# Thus, various types of CuQ nanostructures with low
dimensionality could be successfully implemented for
advanced applications in sensing, energy and catalysis, as
follows from the recent achievements (mostly 2021 and 2022)
reviewed above. Apparently, this material still holds great
potential for future developments, and more effort should be
devoted to the design of novel, complex, hierarchical materials
and metamaterials for advancing future applications.

»* However, apart from the above outlined sensing, energy
and catalysis applications, CuD nanostructures with low
dimensionality could also be implemented in other leading-
edge applications, such as space exploration and medicine. In
the Outlook section below we will briefly discuss these novel
areas of application for Cu0 nanostructures.

»* Furthermore, some further problems and open questions
related to the CuQ nanostructures will be outlined in the
Outlook section.



4. Qutlook

Diversity of technologies and applications for CuO-based low-
dimensional nanostructures

The abovereviewed recent results on the development of
fabrication technologies and advanced applications of Cu0-
based low-dimensional nanostructures demonstrate a flourishing
diversity of techniques and devices that utilize CuO-containing
materials. Importantly, many types of complex, hierarchical mate-
rials systems and metamaterials could be built using CuO-based
low-dimensional nanostructures. The spectrum of recently
reported morphologies and applications of low-dimensional
CuQ nanostructures, as examined in this review, is presented in
Fig. 31. To get a better overview of this diversity and thus to stress
the greatest potential of CuO-based low-dimensional nanostruc-
tures for future applications, we have compiled the general list in
Table 1 that provides examples that have been discussed in detail
in this review.

From this table one can see that the most commonly
discussed CuQ nanostructures are nanowires, while some
unique shapes, such as butterfly-like nanostructures, porous
hollow nanotubes, nanco-needle arrays, Cu,0 nanoflakes,
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Fig. 31 Spectrum of recently reported morphologies and applications of
low-dimensional CuQ nanostructures examined in this review. While
energy, sensing and catalysis could be considered as the ‘classic triad of
applications’ for Cu nanomaterials, other applications have alse been the
focus of recent investigations. By contrast, nanowires and large organised
arrays of CulQ nanowires are the most commen form of CuQ nancmater-
ials for advanced applications, but other morphologies including quite
exctic forms, such as butterfly-like nanostructures, have alko been the
subject of focus. Besides, in spite of great advances achieved in the
synthesis and applications of CuQ nanomaterials for advanced applica-
tions and theoretical insights in the growth mechanisms, some guestions
are still rerain, as highlighted within this scheme, with the most intriguing
queries being "What are the key drivers of growth?” and "How arrays of
CuQ nanowires self-organize during growth on the surface?”.

porous mesh and microfibers, have also been created and
successfully tested for applications in the past 2 years. Complex
CuQ/graphene and CuO/rGo nanostructured materials are also
promising for various applications. Regarding the fabrication
technigues, both plasma-based/electric field-assisted methods
and thermal-type technologies are promising and are currently
under development (Table 1). Microwave and radio-frequency
plasmas are among the most promising techniques, although
simple, cheaper DC-current plasma systems are also efficient
for the fabrication of various CuO nanostructures and
metamaterials.

Electric transport in copper oxide nanostructures

Despite the great diversity of CuO-based nanomaterials, electric
field- and electric current-related phenomena play very impor-
tant roles in most of their applications. As a result, a deep
knowledge of the properties of single nanostructures or build-
ing blocks is of primary importance for understanding the
fundamental issues of the device and its final performance.
Unsurprisingly, many recently published reports discuss the
electric field- and electric current-related phenomena in CuO-
based nanomaterials. Recently, Kajli et al*® reported anoma-
lies in the current density of copper oxide nanowires grown via
a thermal process, Le., the current was observed to decrease as
a funetion of the nanowire diameter. As shown vig Raman and
photoluminescence characterization, this behavior can be
traced to the presence of (hole) traps in thicker Cu,O NWs that
hinder charge transport in p-type CuQ. Quantum confinement
has been reported by Ghosh et al.**® for chemically synthesized
freestanding thin {about 3-4 nm) Cu® nanosheets at room
temperature. Due to quantum confinement effects, the
nanosheets displayed a rather large band gap of about 2.1 eV,
larger than that for bulk Cu0. These results point to the
usefulness of these materials in supercapacitor devices. Shar-
iffar et al. developed a UVwisible photodetector, based on
copper oxide thin films, that displays enhanced optoelectronic
properties if  the films are synthesized at higher
temperatures.”®” Such behavior could be explained by the
grain-structure model. Further investigations revealed the
influence of the grain size on the photocurrent, dark current,
photosensitivity and responsivity. Zhou et al. also confirmed
that the nanomaterial morphology has a major effect on the
observed properties and types of application."™ They found
that CuQ nanostrip sensors possess a larger surface area and
faster electron transfer compared with CuQ nanowires and/or
microspheres. They also displayed the superior electrochemical
sensing of glucose and tetrabromobisphenol. As a result, one
may expect that the morphology of CuQ nanomaterials can
influence the performance of devices that are based on these

nanomaterials.*?

Other applications of CuO-based nanostructures

CuO-based nanostructures could be promising for many
advanced applications that are not currently mature, e.g, for
space exploration. Light, thin, microwave-absorbing materials
could be prepared using carbon/CuQ microfiber composites, as



Table 1 CuC-based nancmaterials discussed in detail in this review. The spectrum of CuO-based materials and their applications reported recently
[mainly for the past two years) are presented. Abbreviations: RFPE - radio-frequency plasma-enabled; MAHT - microwave-assisted hydrothermal
technology, MTO - modified thermal oxidation; E5 - electrospinning; TP - thermal processing

Type of nanostructure Fabrication process Feature of process/product Potential application  Ref.
Manowires RFPE Uniform surface growth Sensing 68
Butterfly-like MAHT Cu0 sheets were polarized by microwaves and Sensing 69
Nanostructures amranged
MNanowires Thermal-induced Electric-field assisted growth Building blocks for 72
nanodevices
MNanowires MTO Higher humidity produced higher yields of NWs Nanco-electro- 73
mechanical systems
Porous hollow nanotubes  ES + TP Nanotubes embrace copper oxide nanoparticles Gas sensors 75
MNanowires Plasma Catalyst-free, single-crystalline Sensing, catalysis 74
Manowires Facile solution-phase Monoclinic polycrystalline structure Sensors for volatile 77
organic compounds
Manowires Anodization in sodium bicarbonate  Partial self-healing suggested Various 78
MNanowires Facile biosynthesis Sapindus mukorossi fruit extract as a Electrochemical sen- 79
biosurfactant sing of dopamine
Nanowires Thermal oxidation Grown directly on V-shaped microgroves Heat and fluid 84
transport
MNanowires Chemical synthesis Cu,S nanoparticles evolved into CuQ nanowires Catalysis of water 85
splittin;
Mano-needle arrays Magnetron sputtering + wet etching + Grown on commercial ceramic tube TII::IE}E“EE gas sensors 113
annealing
Manowires-30 copper Electroless deposition Hybrid with gold nanopartcles and Cu,0 Various 128
hybrid nanowire-30 copper
Graphene-based oxide Electrospinning Decorated by Cu-nanoflowers Biosensor for glucose 164
nanofiber
Complex nanomaterial DC plasma thermal reaction method Uniformly decorated by CuO nanocrystallines  Non-enzymatic gluicose 171
sensor
Culygraphene Reduction in ascorbic acid Enriched with oxygen functional groups and ~ Gas sensing 154
defective sites
Porous copper oxide Hydrothermal reaction, calcination  Porous copper oxide heterostructured arrays  High-performance 176
batteries
Manowires Reduction, oxidation Synergetic combination of nanowires and gra- High-performance 178
phene sheets supercapacitors
Cu,0 nanoflakes Facile electro-oxidation Nanoporous Cu layer on flexible Cu foil High-performance 185
supercapacitors
Porous mesh Thermal annealing Activated/reduced graphene axide on porous Cu High-performance 186
supercapacitors
Microfibers Thermal annealing C/Cu0 microfiber composites Microwave absorbance 193
CulyCu,O nano-needles  Electrophoretic deposition Hierarchical porous distribution High-performance 187

was demonstrated recently (Fig. 32)."* Protective materials of
this type would be indispensable for human protection in space
and in other harsh environments. Moreover, CuO-based

QUTLOOK: Culd NANOSTRUCTURES FOR SPACE EXPLORATION
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Fig. 32 Novel materiaks based on CuQ nanostructures for possible space
exploration applications. Mechanism of microwave energy absorbance on
C/CuQ microfiber composites. Reprinted with permission from Wei et al.,
ref. 193. Copyright 2021, Springer.

supercapacitors

nanostructures could be a base for cold electron emitters,
capable of enhancing the characteristics of space propulsion
S)'SlEmS.wd'_m?

Apart from the energy, sensing and catalysis applications
discussed in this review, biomedical applications are among
the most important fields that directly influence human health
and wellbeing. Low-dimensional CuO-based nanostructures are
quite promising for many biomedical applications that include,
but are not limited to, eg, glucose sensing, H,O, sensing,
immunosensing, dopamine sensing, targeted cancer therapy,
microbial warfare agents, wound healing and others (Fig. 33).
While these applications are outside the scope of our review, we
stress here in the Outlook the importance of biomedical
applications, with a view to promoting further research activ-
ities in the field of bioactive low-dimensional copper oxide
materials.

Future trends and tasks

Recently (2020), a quite detailed and comprehensive review on
CuO-based nanomaterials for gas sensing was presented, where
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several points were outlined as directions for the future research.®
Based on newly achieved results and the broader scope of our
review, which outlines energy applications and various techniques
for the fabrication of CuO-based nanomaterials, we further develop
and widen here the points suggested by Li ef al:

v loading CuO-based nanomaterials and nanostructures
with noble metals and multiple doping with various elements
is promising for many applications, and thus reguires more
research and design efforts;

v the interaction of CuO-based nanomaterials with various
types of plasma is very important to deepen our understanding
of the processes during the synthesis of various nano- and
metamaterials;

v techniques for fabricating CuO-based nanomaterials in
plasmas of various types should be further improved;

¥ in view of their relative simplicity, chemical and thermal
methods for the fabrication of CuO-based nanomaterials are
also very promising and should be further developed;

v further progress is required for understanding the routes and
driving forces of the low-dimensional growth of nanomaterials;

v numerical simulations, in particular the artificial
intelligence-based approaches, should be developed to ensure
the deterministic design of CuO-based nanomaterials.

Conclusions

In this review paper we have outlined the most recent progress
(mostly within the past 2 years) in the synthesis and application
of low-dimensional copper oxide nanomaterials and complex
materials designed on the basis of CuO. Further directions are
discussed, and the most pressing problems outlined.
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