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Metal-semiconductor nanocomposites have been utilized in a multitude of applications in a wide array of
fields, prompting substantial interest from different scientific sectors. Of particular interest are
semiconductors paired with plasmonic metals due to the unique optical properties that arise from the
individual interactions of these materials with light and the intercomponent movement of charge carriers
in their heterostructure. This review focuses on the pairing of Cu,O semiconductor with strongly
plasmonic metals, particularly Au and Ag. The design and synthesis of Au-Cu,O and Ag-Cu,O

nanostructures, along with ternary nanostructures composed of the three components, are described,
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Accepted 22nd September 2023 with in-depth discussion on the synthesis techniques and tunable parameters. The effects of
compositing on the optical and electronic properties of the nanocomposites in the context of

DOI: 10.1039/d3na00712] photocatalysis are discussed as well. Concluding remarks and potential areas for exploration are
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rsc.li/nanoscale-advances presented in the last section.

1. Introduction

Nanomaterials have been the subject of intensive study in
recent decades due to the structural and size effects that bestow
them with unique properties that are not seen in bulk materials.
Of notable interest are their optical properties that arise from
their interactions with electromagnetic radiation or light. Given
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that nanomaterials possess particle dimensions in the nano-
meter range, they are smaller than the wavelengths of light they
interact with, resulting in optical properties that are different
from those of bulk materials. Two prime classes of materials
that display interesting optical behavior at the nanoscale are
metal oxide semiconductors and plasmonic metals. Nano-
materials of metal oxide semiconductors (e.g. TiO,, ZnO, and
Cu,0) possess tunable band structures that generate valuable
electron-hole pairs when illuminated with light."> Meanwhile,
the interaction of plasmonic metal (e.g. Au, Ag, and Cu) nano-
materials with light gives rise to localized surface plasmon
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resonance (LSPR), which dictates the optical activity of these
materials.>* With their remarkable optical properties, both
classes of nanomaterials can be used in a plethora of applica-
tions that cut across a wide range of scientific disciplines.
However, maximizing the use of metal oxide semiconductors
and plasmonic metals is challenging due to the drawbacks
associated with each material. To attenuate these drawbacks,
these materials can be composited with each other to create
metal-semiconductor nanocomposites.*** The coupling takes
advantage of the individual properties of each component and
even possibly elicits synergistic effects while mitigating the
negative aspects.

Numerous review articles have been published on metal-
semiconductor nanocomposites, but many of these existing
reviews are more general in terms of the materials that are
coupled together to form the composite.>***** This review gives
particular attention to the pairing of semiconducting Cu,O with
the plasmonic metals (PM) Au and Ag. The growing body of
literature on this specific pairing over the last decade is a clear
indication that research on this topic is rapidly progressing. A
review article dedicated to this hybrid combination is therefore
timely and relevant. In this review, the design and synthesis of
PM-Cu,0 nanocomposites are thoroughly described to provide
a detailed overview of how these hybrids are formed. Their use in
photocatalytic applications are also examined, especially their
effectiveness in the photocatalytic degradation of organic dyes.

1.1 Copper(i) oxide (Cu,0) nanomaterials

Cuprous oxide (Cu,O) is a semiconductor that exhibits tunable
optical properties in its nanostructured form. It is highly
attractive for practical applications because it is made up of
elements that are inexpensive, earth-abundant, and nontoxic.
Synthesis of their nanostructures is relatively simple. They are
usually prepared through facile chemical reduction procedures
at mild temperatures and basic pH conditions. Numerous Cu,O
nanostructures, such as nanocubes, nanooctahedra, nano-
spheres, nanowires, nanotubes, and nanoplates, have been
synthesized, with nanocubes being the most common
morphology due to the cubic crystal structure of Cu,0."**° The
type of exposed crystal facets in Cu,O nanostructures has been
shown to affect their photocatalytic behavior.>*** Thus, modi-
fication of their photocatalytic properties can be readily ach-
ieved through careful morphological control.

Cu,O0 is a p-type semiconductor with a theoretical band gap
of 2.2 eV. Similar to other leading metal oxide semiconductors
like TiO, and ZnO, Cu,O generates electron-hole pairs when
irradiated with photons. Electrons are excited from the valence
band to the conduction band when the energy of incident
photons exceeds the band gap energy. The wavelengths of light
that correspond to this energy for TiO, and ZnO are in the
ultraviolet (UV) spectral range. For Cu,0, its band gap energy
lies in the more desirable visible region. This enables Cu,O to
take advantage of solar radiation, which is rich in visible
photons. The excitation of electrons by light leaves behind
positively charged holes in the valence band. These photo-
generated electron-hole pairs and the subsequent associated
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decay processes grant Cu,O its photocatalytic properties.
Unfortunately, the electron-hole pairs generated have a high
recombination rate in pure Cu,O particles, which limits its
potential applications.”

1.2 Au and Ag nanomaterials

Au and Ag are regarded as plasmonic metals due to their unique
interactions with electromagnetic radiation, specifically radia-
tion with wavelengths that correspond to their surface plasmon
resonance.>* When incident light reaches the surface of the
plasmonic metal nanoparticle, coupling occurs between the
electrons in the metal and the oscillating light wave, resulting in
the coherent oscillation of electrons. The incoming electric field
causes excitation in the nanoparticle, while the out-of-
equilibrium surface charges produce a restoring electric field.
When the external field oscillates at the frequency of the
particles’ resonant mode, the incoming and restoring electric
fields sync and cause an increase in the amplitude of the electric
field surrounding the plasmonic metal particle. This phenom-
enon is termed localized surface plasmon resonance and is
known to induce near-field enhancements in highly localized
regions just a few nanometers around the particle.

The LSPR frequency is highly dependent upon several
factors, such as the size and morphology of the nanomaterial,
the identity or composition of the metal, and the index of
refraction of the surrounding medium.*** Changing any of
these variables through various synthesis procedures allows for
the tuning of the position of the LSPR peak, which consequently
dictates the material's potential applications. The extinction
spectra of spherical Au nanoparticles typically show an LSPR
band peaking at around 520 nm.** This peak was found to
redshift with increasing particle size and with aggregation, as
well as in high-refractive index environments. For anisotropic
Au nanostructures (e.g. nanorods and nanostars), multiple
LSPR bands that extend to longer wavelengths of light are
observed as a consequence of multiple resonance modes.”**” In
the case of Ag, the LSPR peak for simple spherical nanoparticles
is typically found at shorter wavelengths of approximately
400 nm.”** Similar to Au, this LSPR peak shifts to longer
wavelengths when the particle size is increased, when aggre-
gated, or when surrounded with a high-refractive index mate-
rial. Additionally, shape anisotropy gives rise to several Ag LSPR
bands that cover a wider spectral range.

Although Au and Ag exhibit similar optical effects, there are
a number of considerations to be made when deciding whether
Au or Ag will be used for particular applications. Au nano-
particles are stable and relatively easy to synthesize in diverse
shapes and sizes.”**® Au nanoparticles are also biocompatible
and can directly conjugate and interact with various biomole-
cules (e.g. proteins, antibodies, and nucleic acids), which make
them ideal for use in biomedical applications.>*** However,
a significant drawback that limits the widespread application of
Au nanoparticles is the high cost of Au. Ag nanoparticles have
diverse uses for a number of reasons. Ag has the highest elec-
trical and thermal conductivity among all metals and exhibits
the strongest plasmon response, even greater than Au.”>** In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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terms of cost, Ag is substantially cheaper than Au. However,
unlike Au, Ag cannot be haphazardly used in biomedical
applications due to its cytotoxicity.** Additionally, Ag reacts with
sulfur in the air and forms a silver sulfide film on its surface.**

1.3 PM-Cu,0 nanocomposites

Individually, Cu,O, Au, and Ag exhibit exceptional properties,
but they are not without issues, as noted in the preceding
subsections. Constructing nanocomposites of Cu,O with Au or
Ag or both plasmonic metals can help address the downsides of
the individual components. For instance, the high recombina-
tion rate of photogenerated electron-hole pairs in Cu,O can be
mitigated by compositing it with a metal, which creates
a Schottky junction at the metal-semiconductor interface.*
This heterojunction is a potential energy barrier that hinders
the recombination of charge carriers, effectively promoting
electron-hole separation that can then lead to an enhancement
in photocatalytic activity. Aside from the Schottky junction
effect, there are other photocatalytic enhancement mechanisms
that come into play when the metal used is strongly plasmonic.
These plasmon-mediated mechanisms are described in detail
in Section 3.

In terms of cost, pairing precious Au with inexpensive Cu,O
produces a more economical material. In the case of Ag,
compositing with Cu,O can result in a more durable material.
Moreover, coupling these plasmonic metals with Cu,O, which
has a higher refractive index than water, presents a critical
variable that can be controlled to tune their LSPR frequency. For
example, when Au nanoparticles are encased in a Cu,O shell,
the Au LSPR band redshifts and broadens with increasing
thickness of the Cu,O shell, as shown in Fig. 1.>® Because the
LSPR frequency can also be modulated by controlling the size
and morphology of the plasmonic metal component, the crea-
tion of rationally designed PM-Cu,O nanocomposites can allow
for absorption of light over a wider range of wavelengths. This is
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especially beneficial for solar-driven applications, as being
restricted to a narrow spectral range is detrimental to the
practicality of using these materials.

2. Design and synthesis of PM-Cu,0O
nanocomposites

Nanocomposites of Cu,O with PMs come in a variety of hybrid
configurations, which depend on the synthesis technique, the
relative amount of each component, and the reaction condi-
tions. The structures of these materials have a significant effect
on their photocatalytic properties, which emphasizes the
necessity of understanding how these structures are formed. In
line with this, this section details the design and synthesis of
various Au-Cu,O and Ag-Cu,O nanocomposites, including
ternary structures that contain all three materials. A summary of
the various PM-Cu,O nanocomposites that have been reported
in the literature is presented in Table 1.

2.1 Core-satellite structure

The core-satellite structure (also termed decorated structure or
planet-satellite structure) is a nanocomposite configuration
that consists of a singular core or “planet” of one component
with smaller structures of the other component scattered along
its surface like “satellites.” A key feature of core-satellite
structures is that both components have exposed surfaces,
which allow for direct interaction with possible substrates or
targets. The properties of these materials are dependent not
only on the overall structure itself but also on the individual
structure of each component. For core-satellite structures of
PM-Cu,0, the satellite component is usually the plasmonic
metal, of which small nanoparticles decorate the surface of the
larger Cu,O core.’”~** Adorning the Cu,O core with PM satellites
instead of encapsulating it in a full PM shell minimizes the
consumption of the costly noble metal.

increasing shell thickness

Au@Cu,0

w— 0.0 nm
—2.0nm
3.8 nm
6.8nm| 9
— 12 NM
— 16 NM
— 19 nM
— 21 NM

50 nm

Fig. 1

600
Wavelength (nm)

500

(a) TEM image of Au—Cu,O nanocomposites with a core—shell structure. (b) UV-vis spectra and photograph (inset) of colloidal dispersions

of Au—Cu,O core-shell nanocomposites with increasing Cu,O shell thickness (from left to right), clearly showing the redshifting of the LSPR
band. Reproduced with permission from ref. 36. Copyright 2012 American Chemical Society.
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Zhao et al. fabricated Au-decorated Cu,O nanostructures
using a two-pot synthesis procedure that involves simple
reduction at room temperature.’” Porous Cu,O nanospheres
were first synthesized by preparing an ammoniacal Cu®" solu-
tion and subsequently reducing it to Cu,O using ascorbic acid.
The product was isolated through centrifugation and dried to be
used as the starting material for the composite. To obtain the
core-satellite structure, varying concentrations of the Au
precursor (0.5-5 wt% HAuCl,) were added to the Cu,O nano-
spheres dispersed in water. NaBH, was then added to reduce
HAuCl, to metallic Au. The SEM images of the product
confirmed the formation of a core-satellite configuration,

View Article Online

Nanoscale Advances

where the Cu,O nanospheres (diameter = 150-200 nm) are
decorated with smaller Au nanoparticles (diameter = 5-25 nm).
The study highlighted the importance of the loading amount of
HAuCl,, which was found to directly influence the size of Au
satellites in the final structure. Higher concentrations of
HAuCl, resulted in larger Au satellites. Meanwhile, Qin et al.
utilized a facile one-pot synthesis procedure to synthesize Ag-
decorated Cu,O nanocubes at 55 °C.*® The Cu,O nanocubes
were synthesized by first preparing Cu(OH), and then reducing
it to Cu,O through the addition of ascorbic acid. To form Ag
satellites on the surface of the nanocubes, AgNO; was subse-
quently added, and the mixture was left to react for 30 min. The

Intensity (a.u.)

Fig.2 SEMimages of (a) pristine Cu,O and (b—e) Ag-decorated Cu,O nanostructures, representing a core—satellite structure. The number of Ag
satellites increased with increasing concentration of AgNOs3 (from (b) to (e)). The XRD patterns for (a) and (e) are shown in (f). Reproduced with

permission from ref. 38. Copyright 2019 Elsevier.
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SEM images in Fig. 2 show the successful formation of tiny Ag
nanoparticles on the surface of the Cu,O nanocubes. Increasing
the Ag precursor concentration increased the number of Ag
satellites; however, the average Ag particle size did not change
significantly, which indicates that precursor concentration is
not fully predictive of satellite size. Luo et al. also prepared Ag-
decorated Cu,O nanocomposites via a one-pot synthesis
protocol.** Six types of polyhedral shapes were synthesized for
the Cu,O core by using different amounts of the PVP surfactant.
The Ag coverage was also varied by changing the loading
amount of AgNO;. Increasing the loading amount resulted in
more and larger satellites.

Wang et al. prepared PM-decorated structures of Cu,O
through a light-mediated deposition method.** In brief, octa-
hedral Cu,O nanocrystals were first obtained by adding
N,H,-H,0 (reductant) to a basic CuCl, solution. The isolated
nanocrystals were then dispersed in water, sonicated, and
irradiated with visible light using a 500 W column-like iodine
tungsten lamp from a distance of 20 cm. Depending on the
desired hybrid material, either AgNO; or KAuCl, was added,
and the resulting mixture was subjected to irradiation. Visible-
light irradiation of semiconducting Cu,O produces electrons
and holes, and the photogenerated electrons were believed to
cause the reduction of the metal precursors to their corre-
sponding PM nanoparticles. A temperature of 30 °C was
maintained throughout the procedure. It was noted that
significant etching of Cu,O occurs when the temperature is
lowered to 20 °C.

Hong et al. were able to create a unique core-satellite
architecture where hexoctahedral-shaped Au nanocrystals are
decorated with Cu,0.*® In this structure, the Cu,O satellites are
specifically situated at the Au hexoctahedron's eight sharp
vertices pointed toward the <111> direction. The high anisot-
ropy of the hexoctahedron morphology, which is enclosed by
high-indexed facets and rich in high-curvature sites, and the use
of a suitable stabilizing agent were viewed as key factors in the
site-selective nucleation and growth of Cu,O. PVP was found to
be an appropriate stabilizer for the creation of this distinct
architecture because it preferentially adsorbs onto low-
curvature sites, leaving the sharp vertices exposed for the
deposition of Cu,O. When the synthesis was performed using
SDS instead of PVP, isotropic growth of Cu,O on the entire
surface of Au occurred, resulting in a core-shell structure.

2.2 Core-shell structure

Core-shell structures have one component at the center (the
core) that is entirely encapsulated in the other component (the
shell). For PM-Cu,O nanocomposites, two possible core-shell
configurations exist: (i) PM@Cu,O where the core is made up of
the plasmonic metal and the shell comprises Cu,O and (ii)
Cu,O@PM where Cu,O is the core and the metal serves as the
shell. Core-shell structures offer some advantages over core—
satellite structures. One specific advantage for Ag@Cu,O
structures is that they address the relatively low stability of Ag by
limiting its interactions with reactants and the surrounding
medium. In general, the encapsulation of plasmonic metals

5690 | Nanoscale Adv, 2023, 5, 5683-5704
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prevents their corrosion and dissolution.”” The core-shell
architecture also allows for maximum metal-support interac-
tion due to the three-dimensional contact between the metal
and the semiconductor. The type of core-shell configuration
(i.e., whether it is PM@Cu,0 or Cu,0@PM) is crucial for certain
applications. For instance, the Cu,O@PM configuration is
preferred for SERS-based detection to maximize the contact of
the plasmonic metal with the analyte, as the enhancement of
Raman signals is largely influenced by the LSPR property of the
PM component. In the case of photocatalysis, the PM@Cu,O
configuration with an optimal Cu,O shell thickness is desirable
to maximize the photocatalytic enhancement effects.

The formation of a core-shell configuration is strongly
favored when the materials that are combined have similar
crystal symmetry and lattice constants.*® Cu,O, Au, and Ag are
structurally compatible as they all crystallize in the face-
centered cubic crystal system. The small lattice mismatch (f)
between Cu,O and Au (f = 4.5%)*® and between Cu,O and Ag (f
= 4.2%)* allows for the creation of their core-shell hybrids.
Core-shell structures of Au@Cu,0,****°¢1 Cu,O@Au,****
Ag@Cu,0,**%% and Cu,O@Ag** 7> have been reported in the
literature. They are most commonly prepared using two-pot
colloidal synthesis procedures, where the core component is
synthesized and isolated first before being fully encapsulated in
the shell component, usually through simple reduction in
solution. An advantage of a two-pot synthesis is that there is full
control over the shape and size of the core. Other synthesis
methods, such as one-pot co-reduction,* microwave-assisted,*
pulsed laser irradiation,” and magnetron sputtering tech-
niques,®® have been employed as well.

Huang's group has published numerous studies on
Au@Cu,O core-shell nanostructures.*****” Precise control of
morphology was attained by using Au nanoparticles of different
shapes (e.g. plates, rods, and octahedra) as the structure-
directing core for the overgrowth of the Cu,O shell.** A two-
pot synthesis method was employed, where the Au cores were
synthesized first through reduction of HAuCl, at elevated
temperatures in the presence of reducing (sodium citrate,
NaBH,) and capping (CTAB, CTAC) agents. The isolated Au
cores were redispersed in water, and the dispersion was added
to a solution containing CuCl, and SDS. The Cu,O shell was
grown with the subsequent addition of NaOH and hydroxyl-
amine (NH,OH), followed by 2 h of aging. Fig. 3a-c show
representative TEM images of the synthesized Au@Cu,O core-
shell nanostructures with different morphologies.®® In their
ensuing studies, Huang et al. noted that the LSPR absorption
properties of Au@Cu,O core-shell nanostructures are largely
facet-dependent, allowing for the tuning of the plasmonic band
through precise morphological control.>>*® Jing et al. also used
the two-pot synthesis method to fabricate Ag@Cu,O core-shell
nanostructures with different morphologies (Fig. 3d-f).** Start-
ing with pre-synthesized Ag nanospheres and nanocubes as
core materials, Cu,O shells were grown onto the surfaces of the
Ag cores through controlled reduction of Cu(NO;), by N,H,
under basic conditions. The LSPR frequency of the Ag core was
tuned across a wide spectral range by changing the size and
morphology of the Ag core and by modulating the thickness of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of (a—c) Au@Cu,O and (d-f) Ag@Cu,O core-shell nanocomposites with different morphologies. Reproduced with
permission from (a—c) ref. 50, copyright 2009 American Chemical Society, and (d—f) ref. 49, copyright 2014 American Chemical Society.

the Cu,O shell. Different shell thicknesses were obtained by
varying the molar ratio of Cu(NOj3), to the Ag core.

One-pot procedures provide a facile, scalable, and
economical synthesis method for core-shell structures. These
typically involve the co-reduction of precursors to form the
hybrid, where the species with a more positive reduction
potential is reduced first and forms the core, followed by the
reduction of the other species on the core surface to form the
shell. Lee et al. obtained Ag@Cu,O core-shell nanostructures
through this approach.® In a three-neck flask, Cu(acac), and
AgNO; were mixed in oleylamine, and the flask was then
heated to 230 °C for 3 h under inert atmosphere to produce the
hybrid. According to their previous work,” in oleylamine
solutions, AgNO; is reduced to Ag at 80 °C, while Cu(acac), is
reduced to Cu,O at 180 °C, which means that Ag will form first
when the reaction mixture containing both precursors is
heated up. As expected, increasing the amount of Cu(acac),

© 2023 The Author(s). Published by the Royal Society of Chemistry

resulted in increased shell thickness and overall particle size.
The Ag core diameter was similar regardless of the amount of
Cu(acac), added, which indicates that all of the AgNO; was
reduced to Ag before the formation of Cu,O. Legaspi et al
produced Au@Cu,O core-shell nanostructures with a unique
nanoflower hybrid design using a one-pot synthesis procedure
at ambient conditions.*® The core consists of aggregated small
Au nanoparticles, whereas the shell is composed of larger
Cu,O nanoparticles that surround the core in a petal-like
arrangement. It was noted that the formation of a hybrid
structure is more favored if the precursors for both the Cu,O
and Au are already present in the reaction mixture prior to the
addition of the reducing agent.

Microwave synthesis is advantageous for nanoparticle
synthesis as it allows for the heating of precursor materials in
a quick and homogeneous manner. This consequently leads to
uniform nucleation, rapid crystal growth and thus, narrow size

Nanoscale Adv., 2023, 5, 5683-5704 | 5691
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Fig. 4 Schematic depiction of the formation of (a) Cu,O@Ag and (b) Cu,O@Au core-shell nanocomposites through GRR. Also shown are the
SEM images of the structures produced with (i) no metal and ((ii) to (iv)) increasing loading amount of metal. Reproduced with permission from (a)
ref. 69, copyright 2017 the Royal Society of Chemistry, and (b) ref. 62, copyright 2016 Elsevier.

distribution.”™ Torras and Roig presented a novel microwave-
assisted synthesis procedure for both Ag@Cu,O and
Au@Cu,O nanocomposites with spherical cores and cubic
shells.* The spherical metal cores were first made through
a polyol synthesis performed in a microwave synthesizer at 120 °©

5692 | Nanoscale Adv, 2023, 5, 5683-5704

C. To form the Cu,O coating, a benzyl alcohol dispersion of the
metal cores was mixed with Cu(acac), and PVP and was then
subjected to microwave heating at 200 °C. This microwave-
assisted technique was also successful in producing Pd@Cu,O
nanocomposites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic representation of the formation of (a) Au@Cu,O and (b) Cu,O@Au yolk-shell hanocomposites. The TEM images of the
structures produced are also shown. Adapted with permission from (a) ref. 80, copyright 2011 American Chemical Society, and (b) ref. 84,

copyright 2017 Springer Nature.

In creating the reverse core-shell configuration (ie.,
Cu,O@PM), the galvanic replacement reaction (GRR) strategy
has proven to be useful. GRR-mediated synthesis is driven by
the difference in the reduction potential of the redox couples
involved.” In the case of Cu,O@PM, the precursors of the
plasmonic noble metal are reduced by pre-synthesized Cu,O
particles. This was demonstrated by Bakthavatsalam and
Kundu in their synthesis of octahedral Cu,O@Ag core-shell
structures.”® Fig. 4a displays a schematic illustration of the
formation process and the SEM images of the obtained struc-
tures. First, the Cu,O surface was etched with an acid to release
Cu’ ions, which can spontaneously react with the Ag" ions in
solution via GRR. The Cu" ions get oxidized to Cu®" ions as they
reduce Ag" ions to Ag, which are deposited as nanoparticles
onto the Cu,O surface. Chen et al fabricated octahedral
Cu,O@Au core-shell structures following a similar process
(Fig. 4b).** It must be stressed that to achieve the Cu,0@PM
core-shell configuration, the loading amount of the metal
precursor should be carefully controlled to ensure the forma-
tion of a continuous metal shell layer. An insufficient loading
amount can result in a core—satellite structure where the Cu,O
core is only partially decorated with metal nanoparticles. On the

© 2023 The Author(s). Published by the Royal Society of Chemistry

other hand, an excessively high loading amount can lead to
extensive GRR that dissolves the Cu,O core. Partial dissolution
of the core produces a yolk-shell structure (see Section 2.3),
whereas complete dissolution yields a hollow metal structure as
the final product.”®

2.3 Yolk-shell structure

Yolk-shell (or rattle-like) structures are similar to core-shell
structures in that a shell component surrounds a core compo-
nent. The key difference is the presence of a void in between the
core and the shell in the yolk-shell structure. Yolk-shell struc-
tures have a number of properties that are advantageous for
photocatalysis. The void contributes another variable that can
be used to tune the catalytic efficiency, stability, and recycla-
bility of the hybrid material.”””® The presence of a void also
allows for the scattering of incident light after it penetrates the
shell, which contributes to a greater light-harvesting property of
the hybrid.”

Yolk-shell structures can be fabricated through a variety of
means, such as the Kirkendall effect, Ostwald ripening, chem-
ical etching, and thermal treatment.”®””*% In the same study
as their Au@Cu,O core-shell synthesis, Zhang et al. synthesized

Nanoscale Adv., 2023, 5, 5683-5704 | 5693
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Au@Cu,0 yolk-shell structures by simply extending the reac-
tion time from 2 min to 60 min.* With the prolonged reaction
time, the polycrystalline Cu,O shell of the original core-shell
structure underwent a symmetric hollowing process, which
formed the characteristic void. Fig. 5a shows a schematic
illustration of this hollowing process along with TEM images of
the structures. The core-shell structure is maintained at
areaction time of 5 min. At 30 min, slight hollowing occurs, and
voids begin to form around the Au cores. At 60 min, significantly
larger voids are present, and the desired rattle-like formation
was obtained. Extending the reaction time further to 90 min
resulted in the collapse of the shell structure, which appears as
fragmented crystals in the image. Two key observations here are
the inside-out nature of the hollowing process and the main-
tained outer radius of the Cu,O shell. A similar hollowing
process was described by the authors in their previous work,
and they attributed the symmetric hollowing to Ostwald
ripening.* This approach is differentiated from other yolk-shell
synthesis methods because the core structure is maintained as
the void is formed. Xiong et al. obtained Ag@Cu,O yolk-shell
structures also through an Ostwald ripening process.** Core-
shell structures were first synthesized by coating Ag nanocubes
with a polycrystalline Cu,O shell. The solution was aged for
13 min to allow for the hollowing of the shell. The inner region
of the Cu,O shell has a higher surface energy compared to its
outer surface, which makes it more susceptible to dissolution.
As a result, Cu,O dissolves from the inside and recrystallizes on
the surface as Ostwald ripening progresses.

Chen et al. detailed a self-generated acid etching method for
the formation of Cu,O@Au yolk-shell structures. Octahedral
Cu,0 cores were first formed through the reduction of CuCl, in
a basic solution using N,H,-H,0.** The octahedral cores were
then dispersed in ethanol, and PVP was added. Varying volumes
of HAuCl, were introduced followed by NaBH,. Depending on
the amount of HAuCl, added, core-satellite, core-shell, or yolk-
shell structures were formed (in order of increasing HAuCl,).
Fig. 5b presents the progression of the synthesis reaction as
more HAuCl, is added. In contrast to the hollowing presented
by Zhang et al. (Fig. 5a),*® the void in the Cu,O@Au yolk-shell
structures stemmed from the etching of the Cu,O core rather
than the shell. Still, Cu,O was the component that was removed
from the structure to form the void. In the self-generated acid
etching synthesis, the Cu,O core is etched by HCI and H3;BO3,
which are generated during the reduction of HAuCl, to Au by
NaBH,.”* This method provides a means of producing
Cu,O@Au yolk-shell structures with tunable void and core sizes
through control of the amount of HAuCl,.

2.4 Janus and dumbbell structures

Janus structures (or heterodimers) possess two faces of differing
components that each have a specific shape and size.*® In Janus-
type nanocomposites, the constituent materials are joined at
a heterojunction with the rest of their structures being exposed
to the environment and open to interactions. Unlike the previ-
ously discussed hybrid configurations, there are no core or
shell/satellite components in Janus structures. They have been
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shown to be better than core-shell structures in terms of
promoting charge separation and preventing charge accumu-
lation.*” Additionally, due to their asymmetric structure, Janus-
type systems have been shown to function as photocatalytic
nanomotors that can modulate mass transfer behavior for
highly efficient photocatalysis.*

Janus structures can be created through lattice mismatch-
ing, which takes advantage of the difference in the lattice
constants of the two components.** However, due to the rela-
tively small lattice mismatch (f< 5%) between Cu,O and the two
plasmonic metals (Au and Ag), lattice mismatching cannot be
utilized to construct their Janus structures, given that core-shell
structures are usually formed. This has led scientists to devise
different strategies for their fabrication. For example, Gale-
Mouldey et al. developed a partial embedment technique to
synthesize Janus-type Ag-Cu,O nanocomposites, where Ag is
only partially coated with Cu,0.% Their approach involves the
following steps: (i) depositing pre-synthesized Ag nanocubes on
a polystyrene (PS) film substrate, (ii) embedding the Ag nano-
cubes into the PS film via heating, (iii) growing Cu,O on the
exposed area of the Ag nanocubes, and (iv) dissolving the PS
film to release the Ag—Cu,O Janus hybrid. The degree of expo-
sure of the Ag domains in the Janus structure can be tailored by
adjusting the embedment depth through controlled heating of
the substrate.

Xu et al. were able to produce Au-Cu,O Janus structures
using 5-amino-2-mercaptobenzimidazole (AMBI) as a modifying
ligand.®” Pre-synthesized Au nanospheres were incubated with
an ethanolic solution of AMBI at 60 °C for 2 h. This incubation
step was performed to coat the surface of the Au nanospheres
with AMBI ligands. Cu,O was then allowed to grow onto the Au
nanospheres to form the heterodimers. The effect of AMBI
concentration on the synthesized structures was observed
through SEM (Fig. 6). In the absence of AMBI, cubic Cu,O fully
coated the Au cores, forming a core-shell structure (Fig. 6a).
When AMBI was present, the Au nanospheres became only
partially coated with Cu,O cubes (Fig. 6b-d). The height of the
exposed Au domain (i.e., the degree of exposure) was found to
increase with AMBI concentration. AMBI is a strong thiol ligand
that serves to control the interfacial energy of Au seeds to allow
for the formation of a Janus structure rather than a core-shell
one. Basically, the presence of AMBI on the Au surface weakens
the Au-Cu,0 interaction and disrupts lattice matching, causing
interfacial strain that deters the complete encapsulation of the
Au nanospheres.

Another type of heterostructure design is the dumbbell
structure, aptly named from its resemblance to a dumbbell. In
a dumbbell configuration, one component is a nanorod, while
the other component caps both ends of the nanorod.’* It is
crucial that the second component selectively nucleates and
grows on the tips of the nanorod, leaving the rest of the struc-
ture exposed to the environment. With their successful
synthesis of Au-Cu,O Janus nanostructures, Xu et al. also
employed their AMBI-mediated approach to prepare Au—Cu,O
nanocomposites with a dumbbell morphology (Fig. 7a).°* In this
case, they used Au nanorods instead of Au nanospheres as their
starting material. When no AMBI was present, Cu,O was able to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic illustration of the tunable synthesis of Janus-type Au—Cu,O nanocomposites through control of interfacial energy using AMBI
as the modifying ligand. Also shown are the SEM images of the structures obtained (a) without AMBI and (b—d) with increasing AMBI concen-
tration. Reproduced with permission from ref. 87. Copyright 2020 Wiley-VCH.

completely encapsulate the Au nanorods, producing a core-
shell configuration (Fig. 7b). In the presence of AMBI, Cu,O
coated only the ends of the nanorods, leading to a well-defined
dumbbell structure (Fig. 7c).

2.5 Ternary structure

Nanocomposites are not limited to the combination of only two
components. It is also possible to create multinary structures
such as ternary structures consisting of Cu,O, Au, and Ag. The
synthesis of these structures are often amalgamations of
previously discussed techniques. Compared to binary struc-
tures, nanostructures consisting of three components take
more resources—not just reagents but also time and effort—to
synthesize. Thus, the benefit of compositing three different
materials must be weighed against the extra resources
expended.

In their preparation of ternary structures, Hu et al. used
a three-pot procedure where Au nanorods were synthesized in
the first pot and then coated with Ag in the second pot. In the
third pot, the Au@Ag core-shell nanorods were coated with
Cu,0, yielding Au@Ag@Cu,O core-shell-shell nanorods.” In
forming the Cu,O shell, the Au@Ag nanorods were mixed with
SDS, ascorbic acid, and CuCl, as the precursor to Cu,O. The

© 2023 The Author(s). Published by the Royal Society of Chemistry

mixture was placed in an ice bath, and NaOH was added to
initiate the shell formation. The low temperature was crucial as
it prevented the self-nucleation of Cu,O. The LSPR features of
the ternary structure were tuned by modulating the Au nanorod
aspect ratio and the Cu,O shell thickness. Yang et al. also
prepared Au@Ag@Cu,O core-shell-shell nanostructures but
with different faceted morphologies (i.e., rhombic dodecahe-
dron, truncated octahedron, and cuboctahedron).® They star-
ted with the hydrothermal synthesis of octahedral Au
nanocrystals, which they subsequently enclosed within Ag
nanocubes. These Au@Ag nanocubes were then encased in
a polyhedral Cu,O shell. By modulating the amount of the metal
cores, they were able to control the overall size and morphology
of the encapsulating Cu,O shell, which resulted in tunable
optical properties.

Another synthesis pathway for ternary structures is to
synthesize a PM@Cu,O core-shell structure and then decorate
it with a different plasmonic metal to form a core-shell-satellite
architecture, where Cu,O is sandwiched between the two PMs.
Both Ag and Au have been used as cores and satellites for this
type of structure.”>®” To create Au-decorated Ag@Cu,0O, Chen
et al. first prepared the Ag core through simple reduction of
AgNO; with sodium citrate under reflux.” This was then added

Nanoscale Adv., 2023, 5, 5683-5704 | 5695
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to a solution containing PVP and Cu(NO;), under constant
stirring. N,H,-H,O was added to induce the formation of the
Cu,O shell on the Ag surface, yielding a Ag@Cu,O core-shell
structure. A ternary structure was synthesized by simply adding
HAuCl, to an aqueous dispersion of the core-shell structure. A
schematic depiction of the synthesis and the TEM images of the
products are shown in Fig. 8. The synthesized ternary structure
consists of a uniform spherical Ag core that is fully coated with
an Au-decorated Cu,O shell. As the added HAuCl, concentra-
tion increased, so did the density of Au decoration on the
surface of the Ag@Cu,O structures. Following a similar

5696 | Nanoscale Adv, 2023, 5, 5683-5704

protocol, Wu et al. produced the reverse configuration, where
Au@Cu,0 is decorated with Ag satellites.*

3. Photocatalytic applications

Literature on the photocatalytic applications of PM-Cu,O
nanocomposites has mostly focused on the degradation of
organic dyes, which can be conveniently monitored using UV-
vis spectroscopy. When irradiated with light, the PM-Cu,O
photocatalysts are able to accelerate the degradation of organic
dyes into environmentally benign compounds, presenting
a viable solution for the elimination of harmful pollutant dyes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic depiction of the synthesis of Au-decorated Ag@Cu,O nanocomposites, an example of a ternary structure. Also shown are the
TEM images of the structures obtained (a) without Au and (b—g) with increasing loading amount of Au. Reproduced with permission from ref. 95.

Copyright 2018 Elsevier.

in wastewater. For example, Zhao et al conducted photo-
catalytic degradation studies using Au-decorated Cu,O nano-
composites as photocatalysts for the following organic dyes
under visible light: methylene blue (MB), methyl orange (MO),
rhodamine B (RhB), and congo red (CR).*” For all four dyes, it
was found that the hybrid showed superior photocatalytic
activity relative to pristine Cu,O. The authors stated two reasons
for the improved photocatalytic properties: (i) the Schottky
junction effect enhances the electron-hole separation rate and
(ii) the plasmonic effect of Au boosts the absorption of visible
light. Meanwhile, Yan et al. tested their synthesized Ag@Cu,O
core-shell nanowires for the photocatalytic degradation of RhB
under visible light irradiation.®® They observed a dramatically
enhanced photocatalytic behavior for the Ag@Cu,O nanowires
relative to uncoated Ag nanowires and pristine Cu,O nano-
particles (Fig. 9a). This underscores the immense value that can
be derived from compositing the two materials. Similar to the
previous example, the enhancement was credited to both the
Schottky junction effect and the plasmonic effect. The mecha-
nisms behind these photocatalytic enhancement effects are
discussed below.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.1 Mechanisms of photocatalytic enhancement

3.1.1 Schottky junction effect. In designing photocatalytic
composite systems, an important consideration in selecting
material components is that their combination should allow for
effective separation of charge carriers.’***'* This is especially
crucial if the semiconductor component suffers from a high
charge recombination rate, such as in the case of Cu,O. In the
Schottky junction effect, the difference in the work function of
the metal and the semiconducting Cu,O generates a potential
energy barrier (i.e., the Schottky barrier) at the metal-Cu,O
interface that facilitates transfer and trapping of charges,
effectively promoting charge separation.*®*” Fig. 9b presents the
general scheme for the mechanism of photocatalytic degrada-
tion of dyes based on the Schottky junction effect. Upon light
exposure, electrons are excited to the Cu,O conduction band
(CB) and then migrate to the adjacent metal, where they accu-
mulate as they are unable to flow back to the semiconductor due
to the Schottky barrier at the interface. Thus, the metal serves as
an electron sink that prolongs the lifespan of the photo-
generated electrons.' These trapped electrons can then

Nanoscale Adv., 2023, 5, 5683-5704 | 5697
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(a) SEM image and photocatalytic degradation activity of Ag@Cu,O core—-shell nanowires (NWs) under visible light using RhB as target dye.

The photocatalytic activity of uncoated Ag NWs and pristine Cu,O nanoparticles are also shown in the plot for comparison. Reproduced with
permission from ref. 65. Copyright 2021 the Royal Society of Chemistry. (b) Schematic illustration of photocatalytic dye degradation mechanism
based on the Schottky junction effect, which results in enhanced charge separation at the metal-Cu,O interface.

instigate reduction reactions that generate reactive free radi-
cals. This leaves holes in the Cu,O valence band (VB), which are
free to participate in radical-producing oxidation reactions. The
adsorbed dye molecules are subsequently degraded by the free
radicals that are produced.*

3.1.2 Plasmon-mediated effects. There are three major
mechanisms that are often considered for the plasmon-
mediated enhancement effect observed for plasmonic metal-
semiconductor photocatalysts.*®'*>%* These are the (i) hot
electron injection (HEI), (ii) plasmon-induced near-field inter-
action, and (iii) light scattering mechanisms, which are sche-
matically summarized in Fig. 10. In the HEI mechanism (also
referred to as direct electron transfer or DET), the plasmonic
metal component serves as a photosensitizer (Fig. 10a).'** It
absorbs resonant photons upon light illumination, and then
generates high-energy electrons (called hot electrons) through
non-radiative decay of surface plasmons.'® These hot electrons

5698 | Nanoscale Adv, 2023, 5, 5683-5704

are transferred to the CB of the adjacent semiconductor,
encouraging charge separation and reducing the likelihood of
charge recombination. For the transfer to take place, the metal
and the semiconductor should be in direct contact with each
other, and the hot electrons should have a sufficiently high
energy to cross the Schottky barrier at the metal-semiconductor
interface.

The plasmon-induced near-field interaction mechanism
(Fig. 10b) involves the generation of strong electromagnetic
fields that are localized at the metal nanoparticle surface
(referred to as near-fields).'® Under light irradiation, the LSPR
induced on a plasmonic metal nanoparticle gives rise to near-
fields that are spatially non-homogeneous, being more
intense at the nanoparticle surface and decreasing exponen-
tially with distance. A semiconductor that is positioned close to
the photoexcited plasmonic metal will experience these fields,
promoting interband transitions that create electron-hole pairs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites: (a) hot electron injection (HEI), (b) plasmon-induced near-field interaction, and (c) plasmonic light scattering.

in the semiconductor. It has been determined that the rate of
electron-hole pair generation is directly proportional to the
square of the local intensity of the electric field.* Thus, the
strong plasmon-induced near-fields can induce the formation
of a large number of electron-hole pairs in semiconductor
regions close to the metal. These fields can also mediate in
a non-radiative energy transfer process between the plasmonic
metal (donor) and the semiconductor (acceptor) in the form of
plasmon-induced resonance energy transfer (PIRET)."*” PIRET
leads to direct excitation of the electron-hole pairs in the
semiconductor via the relaxation of the LSPR dipole. A spectral
overlap between the LSPR absorption of the plasmonic metal
and the band gap absorption of the semiconductor is necessary
for the near-field effects to be observable. Unlike the HEI
mechanism, intimate contact between the metal and the
semiconductor is not a requirement. The near-field enhance-
ment effects can be realized even when the plasmonic metal
and the semiconductor are separated by an insulating layer. For
example, Wu's group observed enhanced photocatalytic

© 2023 The Author(s). Published by the Royal Society of Chemistry

efficiency for Au@SiO,@Cu,O nanocomposites, even when Au
and Cu,O are separated by an insulating SiO, layer.'*” However,
the SiO, layer should not be too thick as the enhancement was
found to decrease with increasing metal-semiconductor sepa-
ration distance.'*®

The third plasmon-mediated mechanism is based on the
light scattering effect of plasmonic metal nanoparticles. When
irradiated with light, plasmonic metal nanoparticles are able to
spread out the incident resonant photons, resulting in a longer
average photon path for the metal-semiconductor hybrid
compared to the pristine semiconductor (Fig. 10c)."*"'*® Reso-
nant photons that are not initially absorbed by the semi-
conductor can be scattered by the metal domains, allowing
these photons to pass several times through the semiconductor,
thereby increasing their chance for absorption.* This leads to
a higher rate of electron-hole pair generation in the semi-
conductor. The size of the metal nanoparticles strongly influ-
ence their light scattering ability.”*'"* As the scattering-to-
absorption ratio of metal nanoparticles increases with

Nanoscale Adv., 2023, 5, 5683-5704 | 5699
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increasing particle size, the plasmonic light scattering mecha-
nism becomes significant only when the size of the metal
domains is sufficiently large (>50 nm).

3.2 Tunable photocatalytic properties

There are different ways by which the photocatalytic properties
of PM-Cu,0 nanocomposites can be optimized. For PM@Cu,O
core-shell structures, one parameter that can be readily
adjusted is the thickness of the Cu,O shell. Li et al. synthesized
Ag@Cu,O core-shell nanostructures with different shell thick-
nesses and studied their photocatalytic activity toward MO
degradation under visible light illumination (Fig. 11a).*” The
core-shell hybrids exhibited better photocatalytic performance
than pristine Cu,0, and the authors attributed this to plasmon-
mediated effects. The enhancement was maximized by tuning
the LSPR absorption through modulation of the Cu,O shell
thickness. Moreover, the highest photocatalytic efficiency was
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achieved when the wavelength of incident light corresponds to
the LSPR wavelength (Fig. 11b), confirming that the photo-
catalytic enhancement is plasmon-driven. The size of the Ag
core for all samples was kept identical at 30 nm, which is too
small for the light scattering mechanism to be significant.
Transient absorption spectroscopy data revealed that both HEI
(or DET) and PIRET mechanisms contribute to the enhance-
ment of photocatalytic activity (Fig. 11c).

The effect of the Cu,O shell morphology on the photo-
catalytic activity of Au@Cu,O core-shell hybrids was examined
by Wang et al.*® Two types of faceted morphology were investi-
gated: cubic and octahedral. The researchers synthesized
various samples, including pristine Cu,O cubes and octahedra,
Au@Cu,O0 core-shell cubes and octahedra, and Au@Cu,O core-
shell face-raised cubes and octahedra, and evaluated their
activity toward the photocatalytic degradation of MO dye under
irradiation from a Xe lamp. The results showed that only the
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(a) Photocatalytic MO degradation rate for Ag@Cu,O core—-shell nanostructures with different shell thicknesses. (b) Absorption spectrum

(red) and apparent photocatalytic efficiency as a function of the wavelength of monochromatic light (blue) for Ag@Cu,O hybrid with shell
thickness of 23.7 nm. (c) Transient absorption spectra () and mechanism determination for Ag@Cu,O hybrids with shell thickness of 23.7 nm
(top) and 40.0 nm (bottom). Each shell thickness is fit by a model for PIRET, DET, and PIRET + DET to show that both mechanisms are responsible
for generation of charge carriers in Cu,O. Reproduced with permission from ref. 67. Copyright 2013 American Chemical Society.
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octahedral structures effectively catalyzed the degradation
reaction, with the Au@Cu,O face-raised octahedral structure
displaying the highest photocatalytic efficiency. This was
attributed to the presence of more {111} facets in the face-raised
octahedral geometry. Strong photocatalytic interactions occur
with {111} facets (i.e., the exposed faces of octahedra) because
Cu,O crystals bound by these facets possess Cu atoms with
dangling bonds, which increase surface energy and endow the
surface with a more positive charge."** This promotes interac-
tion with negatively charged molecules, such as MO, the anionic
dye used in the experiment. All the cubic structures were found
to be photocatalytically inactive as Cu,O cubes are bound by
low-energy {100} faces. The authors also stated that the cubic
Cu,O structures that showed photocatalytic activity in
a previous study were actually truncated cubes that contain
{110} edges and {111} corners.* This highlights the significance
of controlling the surface facets of PM-Cu,O hybrids and
provides some considerations for the optimization of their
photocatalytic properties.

For PM-decorated Cu,O hybrid designs (i.e. core-satellite
structures), an optimal loading amount of PM is crucial to
maximize the photocatalytic efficiency. Qin et al. used their Ag-
decorated Cu,O hybrid material as a catalyst in a photo-
degradation experiment with MB as the target dye.*® They found
that there is a loading amount “sweet spot,” in which
a moderate amount of Ag satellites results in the highest pho-
tocatalytic activity. The results of this study comport with those
of Li et al., who reported that an intermediate loading amount
of Ag is more beneficial to the photodegradation of MO
compared to low or high loading amounts.** Low amounts of Ag
decoration do not allow the plasmonic effects to be maximized.
Meanwhile, excessive amounts can result in Ag blocking the
photon absorption of Cu,O and covering the Cu,O active sites.
Wang et al. compared the photocatalytic properties of Cu,O-Ag
and Cu,O-Au core-satellite structures, which they prepared
using the same synthetic protocol.** The photocatalytic prop-
erties of the two hybrid materials were tested through the
photodegradation of pyronine B. The Cu,0-Au hybrid was
found to degrade pyronine B at a higher rate than the Cu,0-Ag
hybrid, albeit the difference is very minimal with both facili-
tating approximately 75% degradation over the course of
150 min compared to 36% using Cu,O alone. The authors
attributed this slight difference to the relative oxidative stability
of Au compared to Ag.

The type of hybrid configuration can also influence the
photocatalytic activity of the composite material. Janus and
dumbbell structures are better than core-shell structures in
avoiding charge buildup and in facilitating charge separa-
tion.*”*> A major downside of a core-shell structure is that the
encapsulating shell causes charge carriers to accumulate in the
core component, and this negatively impacts the photocatalytic
efficiency as only the charge carriers on the surface can partake
in photocatalytic reactions. A full shell also limits the core in
absorbing incoming photons. In Janus and dumbbell struc-
tures, large sections of both components are exposed to the
environment and are therefore accessible to interactions.
Moreover, the distal separation of the metal and semiconductor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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domains in such structures allows for a more efficient charge
separation. Xu et al. compared the photocurrent generation
capability of Au-Cu,O Janus and Au@Cu,O core-shell struc-
tures and found that the Janus-type hybrid performed better,
demonstrating its superior ability to promote charge separa-
tion.*” In a separate study, they compared Au-Cu,O dumbbell
and Au@Cu,O core-shell structures and observed a greater
photocurrent generation for the dumbbell structure (Fig. 7d).*>
Consequently, the dumbbell structure exhibited better photo-
catalytic performance than the core-shell structure when tested
for MO degradation (Fig. 7e).

In a recent work by Kovacs et al., the position of Au was
found to dictate the photocatalytic properties of Au-Cu,O
nanocomposites.** They compared two types of configuration:
core-satellite where Au nanoparticles decorate the surface of
octahedron-shaped Cu,O and core-shell where an Au nanorod
is embedded within an octahedral Cu,O shell. The overall size,
shape (octahedral), and composition (Cu:Au ratio) of the
hybrids were kept identical. Their study focused on the charge
separation efficiency from the semiconductor standpoint. To
exclude the contribution from plasmonic effects, they per-
formed the photodegradation experiments using a 396 nm UV
LED as the light source. This excitation wavelength is off-
resonant with the LSPR of Au; hence, the electron-hole pairs
were generated solely in Cu,O. The performance of the Au-
decorated Cu,O system was superior to that of the Au@Cu,O
core-shell structure, implying that a more improved charge
separation can be achieved when Au is exposed rather than
buried. Moreover, the core-satellite structure generates more
easily accessible charge carriers at the particle surface where
photocatalytic reactions take place.

The benefits of a yolk-shell structure as a photocatalyst were
described in a paper by Chen and co-workers. Using MO as the
test dye, they observed an improved photocatalytic degradation
rate for their Cu,O@Au yolk-shell hybrid compared to pristine
Cu,O and Au-decorated Cu,0.** The authors described their
yolk-shell structure as a cavity micro-reactor in which pollutant
degradation can take place. The porous Au shell allows light to
reach the Cu,O component and also enables the dye molecules
to enter the cavity and react with the charge carriers on the
Cu,O0 surface. The cavity in a yolk-shell structure also enables
strong scattering of light, which improves the light-harvesting
capability of the material.”

The morphology of the plasmonic metal component also
exerts a substantial influence on the photocatalytic capacity of
the hybrid. Ma et al. prepared Au@Cu,O yolk-shell nano-
structures with different Au core morphologies, such as sphere,
rod, and bipyramid.** Due to shape anisotropy, the Au nanorods
and nanobipyramids exhibited strong longitudinal LSPR
absorption at the near-infrared (NIR) region. As a consequence,
the yolk-shell hybrids that contain these Au cores displayed
a broader absorption range, which is desirable for maximum
utilization of solar light. The photocatalytic behaviors of the
different samples, including pure hollow Cu,O (i.e., no Au core),
were examined for visible-light-driven MO degradation and for
NIR-light-activated hydrogen production. As expected, the yolk-
shell hybrids with anisotropic Au cores performed better than
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both the hollow Cu,O and the yolk-shell hybrid with spherical
Au cores. Hu et al fabricated nanorods of ternary
Au@Ag@Cu,O and used them for the visible-light-mediated
photodegradation of MO.” These ternary nanorods were
found to be photocatalytically superior to the corresponding
ternary nanospheres due to the multiple plasmon resonances
arising from the anisotropy of the Au@Ag nanorod interior
coupled with the dielectric property of the Cu,O shell. The
multiplasmon modes expanded the spectral overlap between
the LSPR absorption band of the PM core and the absorption
band edge of Cu,O, which is necessary for PIRET-based plas-
monic enhancement effect. Further optimization of the optical
properties was done through tuning of the Au aspect ratio and
the Cu,O shell thickness.

The advantages of creating a ternary nanocomposite were
seen in a recent study by Wu et al.*® The Ag-decorated Au@Cu,O
hybrid outperformed the binary Au@Cu,O system (i.e., without
Ag decorations) in degrading malachite green (MG) under
visible light illumination. As Cu,O is sandwiched between the
two plasmonic metals in the ternary system, a Schottky barrier
is formed at both the Au-Cu,O and Ag-Cu,O interfaces, pro-
longing the lifetime of the photogenerated charge carriers. The
near-field effects are also heightened in this type of configura-
tion, generating more electron-hole pairs, which leads to
further enhancement in photocatalytic efficiency.

4. Summary and outlook

This review has gone over the key points related to nano-
composites of Cu,O with the plasmonic metals Au and Ag.
These materials have been used in conjunction with each other
to attenuate the drawbacks of the individual components and to
take advantage of the positive effects that arise from compos-
iting. The benefits include the suppression of electron-hole
recombination through the formation of a Schottky barrier at
the PM-Cu,0 interface, the expanded light absorbance range,
and the increased electron-hole pair generation rate resulting
from plasmonic effects, which can be manipulated through
precise control of size, morphology, and shell thickness.
Various configurations have been discussed along with their
potential impact on the photocatalytic properties of the result-
ing materials. Included here are core-satellite, core-shell, yolk-
shell, Janus, dumbbell, and ternary structures. These structures
have been obtained using a plethora of synthesis techniques,
and the tuning points of these techniques have been detailed as
well.

The potential use of PM-Cu,O nanocomposites in photo-
catalysis was explored in depth in this review, citing numerous
studies that have been published over the last decade. Several
mechanisms have been proposed to explain the observed
enhancement in photocatalytic behavior, but further research is
needed to build on the current knowledge base. A deeper
understanding of the various possible contributing mecha-
nisms and the interplay between them can aid us better in
designing photocatalyst systems that can fully maximize the
enhancement effects. It must also be noted that much of the
current research on the photocatalytic applications of PM-Cu,O
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nanocomposites has delved mainly into the degradation of
organic dyes. There are other important photocatalytic reac-
tions, such as hydrogen production from water and reduction of
CO,, but literature reports on these are scarce for photocatalytic
PM-Cu,O systems. Moreover, recent reports have shown that
aside from photocatalysis, PM-Cu,0 nanocomposites are
similarly promising in electrocatalysis,** sonocatalysis,"*®
organic transformation catalysis,"** and borohydride-mediated
catalysis,®”** but the mechanisms behind their favorable
performance in these applications have yet to be thoroughly
examined. In addition, there have been a couple of studies
showing that these composite materials exhibit the photo-
thermal effect,’”** but their potential in photothermal catalysis
is a topic that is overlooked and needs to be taken into
consideration when studying their photo-activated catalytic
activity. All these present a possible road forward with regard to
research on PM-Cu,0O nanocomposites. It would be interesting
to know how the different PM-Cu,O hybrid designs discussed
in Section 2 can be utilized for these different types of catalytic
applications. Emerging hybrid designs, such as the inter-
embedded heterostructure configuration,"* should be
explored as well.
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