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ABSTRACT

Cu is extremely cheaper and more easily recyclable than Au, Ag. Additionally, Cu
nanomaterials induced localized surface plasmon resonance (LSPR) has been found to be tuned
from visible to the near infrared spectrum by changing their shape and size and it provides Schottky
junction when it is combined with other semiconductor material. It has many other remarkable features.
For that reason, Cu based photocatalysis has become a research hotspot in view of its enormous
practical applications in dye degradation, catalysis, photocatalytic H, production, photocatalytic CO,
reduction reaction (CO,RR) and other topics. Herein, we review the latest advances in copper-based
photocatalysts in many fields and their improved activity due to LSPR, Schottky barier etc. The
outstanding characteristics of Cu, principle of LSPR of copper combined with different nanomaterials

during photocatalysis are also discussed in detail.
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INTRODUCTION

Photocatalysts, due to their potential,
are used in water splitting, waste water treatment,
dye sensitized solar cell, CO,RR and many more.
They are used in many areas as they can harvest
light energy and convert it to chemical energy.'2?
Among innumerable photocatalysts TiO, and ZnO
were used comprehensively due to their earth
abundance, excellent photostability and non-toxicity.*
However, semiconductor photocatalysts face few
restrictions such as poor light absorption and rapid
electron-hole (e/h*) recombination. To overcome
these shortcomings plasmonic photocatalysis is
implemented in a view to enhance the efficiency of
the relevant processes. Plasmonic photocatalysts

are capable to exhibit strong optical absorption.
This takes place as free surface electrons oscillates
on incident of light. The phenomenon is popularly
regarded as surface plasmon resonance or SPR.
This causes solar energy conversion to increase
exponentially. Cu, Au, Ag nanomaterials fetched
noteworthy consideration as they are capable to
exhibit SPR property to augment photocatalytic
action. The striking plasmonic properties make
noble metal-semiconductor heteronanoparticles
a potential candidate in wide spectrum response
photosensitizers. Researchers put a lot of effort
into optimizing the morphology, composition, size
to improve their performance. Therefore, various
metal/semiconductor hybrids, semiconductor
heterojunctions have been synthesized and studied.
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So farinnumerable heterostructures such as Au/TiO,),
Au/CdSe, Au/ZnO etc have been synthesized and
examined for enhancing photocatalytic activity.>¢7

Tilldate, Auand Ag in various nanostructures
with varieties of shape and size are widely exploited
as plasmonic photocatalyst. They remained
photostable and showed elevated LSPR effect. The
plasmonic photocatalytic pathways are explained in
detail from the point of view of energy transfer and
increased activity of active species. Even though,
above two precious noble materials have notable
photocatalytic performance, application of them in
environmental remediation is limited as they are
expensive. Therefore, Cu nanoparticles due to its
low cost found to be more beneficial than noble
metals in plasmonic catalysis. It is also capable
to show excellent LSPR property in wide range of
wavelength spectrum. In addition to being highly
stable during photocatalysis it has also shown that
oxygen molecules (O,) as well as water (H,0) are
competent to oxidize Cu nanomaterials. Again Cu/
semiconductor nanocomposite formation is an
effective tool for improvement of photocatalytic
action. It provides schottky junction in the composite
which makes (e/h*) separation faster. Cu is also a
good conductor. With these advantages Cu-based
photocatalysis has progressed steadily in recent
years_s.s,m,n

A plethora of reviews covering the topic
of plasmonic photocatalysis have been published
till date. For instances, Liu et al., synthesized
hollow Au/Cu,O core/shell nanomaterials which
exhibited morphology dependent plasmonic band
redshifts. Under visible light exposure it is found
to be better photocatalyst than Cu,O and solid
Au/Cu,0O core/shell nanomaterials.’? Ag@Cu,0
core/shell nanomaterials were prepared by Wu
et al., which displayed photocatalytic action over
a wide range of wavelength owing to its LSPR in
the silver core.’”® Mechanism of plasmon-assisted
chemical reactions have been reviewed by Scientists.
et al.,** Linic and his colleagues elucidated the
mechanism of photocatalysis in different articles.'s'®
At present, ample research efforts have been devoted
to non-noble-based catalysis including Cu, In, Ga,
Al, Fe, Ni, Co due to their unique ability to slow down
the recombination of active carriers and improve
rate of photocatalysis.'”'® Varma et al., in their
review article discussed in detail about exploitation
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of Cu based nanomaterials in electrocatalysis and
photocatalysis.'® From synthetic developments to
potential applications in various fields of Cu related
photocatalysis were thoroughly reviewed by Wang
et al., They also delved deeply into the challenges,
potential outlook for additional improvement of
plasmon induced Cu based photocatalysts in their
review article.®

Herein, we summarize our discussion
on exploitation of Cu-based materials in dyes and
antibiotics degradation, photocatalytic H, evolution,
oxidation reaction, removal of antibiotics and CO,
reduction reaction etc. This review article also
introduces the course of action of the plasmonic
photocatalysis.

Various functions of Copper in Photocatalysis
There are few intrinsic properties of
copper that can significantly improve photocatalytic
properties. Cu induces remarkable enhancement in
light absorption capability in the photoactive material
and thereby, product selectivity is increased. The
unique LSPR property of Cu can harvest NIR light
and therefore, broaden its range. When the copper
nanoparticle frequency due to the vibration matches
with photon frequency under light illumination,
photon is absorbed on copper surface. This leads to
production of e~/h* pairs via Landau damping. The
active species are separated as the hot electrons
are moved to other material connected to copper.
The separated electrons and holes can effectively
carry out photocatalytic oxidation and reduction
reaction, respectively. There are other benefits
of copper like it provides lower Fermi level than
semiconductor where electrons flow spontaneously.
As a result, in Cu/semiconductor nanomaterial,
electron flow takes place as long as the Fermi levels
have situated in different energy levels. Overall, it
decreases semiconductor energy level and forms
upward bending energy band barrier. This is known
as Schottky barrier and the metal semiconductor
junction is known as Schottky junction. This improves
separation of active materials and subsequently,
their photocatalytic performance. Again, CuQ, Cu,0,
formed due to oxidation of Cu, can also retard
e/h* recombination. There are other advantages
of Cu like it can speed up the electron flow being
a good conductor and improves e/h* separation.
Besides this, Cu nanoparticles are also competent
to dissipate heat energy which enhances solar
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energy conversion. It is found that widely used TiO,,
Zn0O are competent to show excellent photocatalytic
activity but there are few shortcomings. One of them
is there occurs fast recombination of photo-produced
electrons and holes. Other one is inadequate light
energy absorption. Therefore, the degradation
is either slow or not fully achieved. Owing to its
above-mentioned manifold advantages copper is
combined with nanomaterials such as ZnO, TiO, to
obtain superior photocatalytic activity compare to
bare nanomaterial.?!?2 Various unique functions of
Cu are depicted in Scheme 1a and their applications
in different fields are summarized in Scheme 1b.

Scheme 1(a). Various functions of Cu; (b) Different
applications of Cu-based photocatalysts
Cu Metal Induced Localized Surface Plasmon
Resonance
Noble metal nanoparticles have a special
property of extinction in the optical region, often
called localized surface plasmon resonance (LSPR).
This occurs when photon from a light source hit
a nanostructured metal surface (Ag, Au, Cu, Al,
doped semiconductors etc.). For LSPR to happen
it must meet certain requirements such as the
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metals must have high free electron mobility and
must be competent to interact with photons. Again,
the resonance energy of the oscillating valence
electrons on the surface must match with the energy
of the photon.2®2* Resonance energy in Au, Ag,
Cu was found to be in the visible energy domain.
Collective oscillation of conduction electrons takes
place due to interaction among resonant photons
and surface electrons causing photon energy to
be trapped on the nanomaterial surface for a time
greater than the time the photons with light speed
spending in that control volume. Due to this effect,
photons resonating with plasmon excitation exhibit
elevated absorption coefficient as well as capacitive
coupling among groups of plasmonic nanoparticles.
When an external field is applied, electron cloud is
displaced. This results in negative surface charges
where electrons are present in excess and positive
charges where there is deficiency in electrons.
LSPR can produce inhomogeneous electromagnetic
(EM) fields, sufficient active species, induces
photothermal behaviour, making it an efficient
candidate in many fields, e.g., photocatalysis, solar-
cells, surface chemistry, chemical reactions, single
molecule detection, liquid phase water splitting,
hydrogen production and dissociation, photovoltaics
and hydrocarbon conversion etc.?%" When light
incident on plasmonic metals, LSPR concentrates
the light energy to its surfaces with elevated EM
fields and the strongest EM field intensifies at
surface. Field strength decreases with distance
from surface. This LSPR excitation in this region
causes strong electric field and plentiful energetic
electrons at nanostructured surfaces. Thousand
fold enhancements in light intensity during resonant
photon excitation was seen when isolated cubic
shaped Ag nanoparticles were used. Hence, EM field
becomes 10%-10° times that of incident light along
thin junction between two plasmonic nanoparticles.
The junctions are called hot spots having very high
field strength and are observed to chemisorb and
activate reactants for photocatalysis. The photon
absorption leads to excitation of electrons, creating
e/h* in plasmonic nanostructured materials. They
act as hot charge carriers. The decay of LSPR
induces formation of hot electrons resulting in
incident photons energy to surpass Fermi energy
level. These can carry out necessary photocatalytic
chemical changes (Scheme 2).32%2 The quantum
sized metal nanoparticles from 2 to 10 nm are found
to exhibit LSPR which can generate hot electrons
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with adequate energy and can move to adsorbate for
carrying out various activities such as degradation of
dye molecules. Itis also evident that the LSPR of Ag,
Au, Cu nanoparticles varies with their diameters.*>44

Scheme 2. Schematic design of LSPR effect in copper
nanomaterial. Collective oscillation of conduction
electrons caused due to light exposure
Applications
Dye Degradation

Dye degradation under UV or visible
light exposure is of paramount importance for
environmental protection and sustainable
development. LSPR plays a crucial role in
photo-degradation as light absorption span is
increased. Over the past decade, many studies
have been conducted on the photo-degradation of
innumerable dye molecules exploiting plasmonic
Cu-based catalysts. The photocatalytic dye
degradation mechanism of Cu,0 and Cu/
semiconductor composite is described in the
following portions.

CuO is a p-type semiconductor with band-
gap of 1.76 eV at room temperature. In its crystal
structure it contains oxygen vacancy defects. It is
visible light active due to its narrow band-gap.*
Ramesh et al., utilized CuO as a photocatalyst
for degradation many azo dyes such as MB, acid
yellow(AY) etc under visible light exposure. When
photons (Energy >band-gap energy) hit on CuO
nanoparticles, formation of e/h* takes place. Due
to migration of electron to CB there occurs charge
separation. These charge carriers, finally, through a
series of reactions photodegrade dye molecules.*
Many researchers also used CuO as a photocatalyst
from the past decade.**®In a similar fashion, Cu,0
was also exploited as photocatalyst. Cu,O is also a
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p-type semiconductor with 2.17 eV band-gap and can
respond to a wide range of solar light. It is also non-
toxic, environmentally benign and inexpensive.*® Yu
etal., employed Cu,O nanowhiskers to photodegrade
p-chloronitrobenzene.*° Pal et al., employed various
morphologies of Cu,0O nanoparticles for visible
light photo-degradation of congo red (CR) dye.
The facets and surface areas are responsible for
various activities of different morphologies. Hollow
octahedron and octahedron showed superior activity
compare to truncated octahedron, cube and sphere.
Hollow octahedron and octahedron are bound by
active 111 facets and they have high surface area
that makes them better than others. They also
showed that 111 facets are more active than 100
facets towards photodegradation.>® However, due
to fast recombination of e7/h* both CuO and Cu,0
suffer limitations in its potential applications as
a photocatalyst for dye degradation. To improve
photocatalytic activity p/n heterojunction of Cu,0/g-
C,N, was employed for dye degradation by Zuo
et al., Owing to having ample active sites the activity
was found to increase.*® Similarly, Cu,0/Cu,S,
Cu,0O/Fe, O, were also explored by researchers.®>
CuO was also combined with different materials to
remove toxic dye molecules such as CuO/CeQ,,
CuO/Ag,PO, were used for photo-degradation of
organic pollutants.%5:5¢

Sugawa et al.,*” used a Cu,O-Cu plasmonic
photocatalyst to photodegrade methyl-orange (MO)
using visible and near-Infrared-Light exposure.
The as-synthesized Cu,0-CuHS(543) and Cu,O-
CuHS(224) showed 27 and 84 times faster
reaction rates than Cu,0-CuP, respectively. Here
224, 543 represent average diameter in nm scale
of silica particles colloid. This huge disparity in
photo-activity between the Cu,0-CuHS arrays
and Cu,0O-CuP attributed to the greater surface
area of Cu,0-CuHS arrays and it has almost two
times higher activity than planar CuP on its surface.
For Cu,0-CuHS, it was seen to be highest at the
respective LSPR wavelength regions indicating the
influence of efficient excitation of LSPR of Cu. No
intervention of Cu inter-band transition is involved
in the degradation of MO. It is also clear that Cu,O-
CuHS(543) showed highest photocatalytic activity
due to exposure of NIR light spanning from 700 to
1000 nm.%8%° Cheng et al.,*® studied the visible-light
induced photo-degradation of methylene blue (MB)
by Cu,O microsphere caped with Cu nanoparticles
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(in nanometer range). The MB photo-degradation
was 88% after 60 min of irradiation when Cu,0-Cu
(S40) (specific mass percentage of Cu in S40 is
10.2%) was employed as a catalyst. This shows
that S40 exhibited best photocatalytic activity, which
indicates S40 has highest visible-light absorption
ability due to the surface plasmon resonance
(SPR). The results indicate that exposure of the
sample to wavelength below 565 nm does not have
significant effect on Cu content of the composite,
as SPR of Cu appears at around 565 nm. The
improvement was attributed to the effect of SPR on
MB that promoted degradation under the irradiation
of visible light. Here presence of Cu nanoparticles
exploits more visible light absorption due to its SPR
effect. This causes more energy transfer to Cu,0
which enhances active species such as electrons
(e”) and holes (h*) production. Similarly, due to
Cu’s low work function and excellent conductivity,
photo-generated electrons can be smoothly
transferred to Cu nanoparticles. In general,
recombination of the photo-generated active species
was greatly suppressed.®!

Cu film was also introduced as a broadband
absorber which is actually mixture of a lot of
absorption peaks. Rekeb and his group.® discussed
the photocatalytic activity of copper film in Cu,O-
TiO, nanotube arrays (Cu film/Cu,O/TiNT). The
ternary composite showed excellent phtocatalytic
performance in the visible spectrum due to presence
of copper and cuprous oxide. Their presence in the
heterojunction increases significant light absorption
as Cu exhibits strong SPR. This leads to electron
movement from Cu to Cu,O to TiNT and enhances
the separation of photo-produced e/h* pairs at
heterojunction interface. Finally, there occurs
excellent improvement in the dye degradation. The
Cu film/Cu,O/TiNT showed almost three times
higher rate of degradation of MB than ordinary
TiO, nanotube and almost 100% degradation
was completed within 30 min after visible light
exposure. Pal et al.,%® reported SPR effect of Cu
in combination with n-p hetero-junction in ternary
nanocomposites for visible light induced MB photo-
degradation. They synthesized Cu/Cu,0/ZnO which
exhibits better photocatalytic action compared to
other Cu-ZnO and Cu,0-ZnO composite materials.
Strong SPR effect of Cu leads to fast movement
of photo-generated active species, making the
ternary composite a potential visible light driven
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photocatalyst. In the ternary nanocomposite, when
the materials come into contact, electrons jumped
to higher work function (WF) nanomaterial from
lower WF nanomaterial. This results in Fermi levels
to reach equilibrium. Therefore, Schottky barrier is
formed at the metal/semiconductor interface. In the
photocatalytic degradation of MB using Cu/Cu,O/
ZnO photocatalyst, the dye with the nanomaterial
is exposed to visible light. At first, due to irradiation
there occurs generation of the electrons at the CB
and holes at the VB of Cu,O (p-type semiconductor).
Here ZnO is a n-type semiconductor and a n-p
heterojunction is formed between Cu,0 and ZnO.
The CB electrons of Cu,0 moved to ZnO CB resulting
in suppression of recombination of e7/h*. Again, Cu
plays a crucial role in enhancing the photocatalytic
activity by producing hot electrons in its CB owing
to its SPR effect. The hot electrons produced in the
Cu will eventually be transferred to CB of ZnO via
different path. This occurs by generating a large
number of electrons for photocatalytic degradation
of MB. Copper oxide-titanate nanobelt and copper-
titanate nanobelt 3D network were exploited to
degrade MO by Logar and his team.%* Photocatalytic
activity of the as-synthesized materials in visible
light is ascribed to charge transfer from titanate
nanobelt to CB of copper and copper oxide.
This enhances the lifetime of active species and
increases the photo-activity.®® Zhang et al.,® utilized
Cu-nanoparticle-dispersed amorphous BaTiO,
for photocatalytic degradation of rhodamine-B
(Rh-B). Photocatalytic and photoelectrochemical
measurements indicated approximately 3.5 times
higher degradation efficiency and 10 times greater
photocurrent density of Cu-BaTiO, films than the
pure BaTiO, film (BTO). It also showed high cycling
stability. The enhancement in activity is ascribed to
both SPR and inter-band excitation effects. Herein,
UV-light exposure leads to production of electron
(e") in the CB, leaving hole (h*) in the VB in BTO.
Again, inter-band transition associated SPR effect
promotes charge transfer from Cu nanoparticles to
BTO. This causes the making of active O, radicals
on BTO surface for enhanced photocatalytic action.
Here, amorphous BTO films serve as h* trapping
centers which suppress oxidation of Cu to Cu?.
The photocatalytic efficiency of CuX/BTO is similar
to that of Au/BTO and Ag/BTO counterparts. Wei
et al.,%” achieved four times enhancement in photo-
degradation rate for MB by dispersing copper
nanoparticles on titanium dioxide nanotube arrays.
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The sun-light driven superior photocatalytic action
of Cu/TiO, nanomaterials to pristine TiO, is ascribed
to Schottky barrier coupled with SPR. This leads
to efficient charge separation which makes the
photocatalyst a potential material for dye degradation.
Enhancement in photocatalytic debromination
activities of Cu-TiO, on polybrominated pollutants
was achieved by Zhao and his co-workers.®® The
as-synthesized Cu-TiO, shows fifteen-fold
improvement in photocatalytic activity for reductive
debromination of decabrominated diphenyl ether
(BDE209) than TiO,. The significant improvement
in photoactivity is because of strong interaction
between hydrophobic BDE209 and surface of metal
copper. The presence of Cu NPs extends the light
absorption range to the visible light region due
to SPR. Here oxidation state of Cu remains zero
due to reduction of CB electrons of TiO, which are
produced upon visible light exposure. The copper
surface shows catalytic effects by its interaction with
BDE209. This leads to activation and subsequent
cleavage of C-Br bond. Thus, the rate of reductive
debromination of BDE209 is enhanced. Copper
nanoparticles placed on silicon nanowire arrays
were exploited as an excellent reusable catalyst for
degradation of dye molecules, e.g., MB and Rh-B by
Zhu and his co-workers.® Peng et al.,” synthesized
Cu/ZnO and Cu@ CuNi/ZnO hybrid nanomaterials.
Both the materials are competent to degrade Rh-B
photocatalytically faster than bare ZnO. Herein,
the new Fermi energy level of the metal in hetero-
nanostructures is placed at lower energy level
compare to the CB of pristine ZnO nanomaterials.
This results in better photocatalytic action of
Cu/ZnO nanocrystals due to decrease in rate of
charge recombination and subsequent increased
life-time of photo-produced electrons and holes. The
maximum photocatalytic action was achieved for
Cu/ZnO nanomultipods owing to distinctive
morphology of ZnO pods and presence of metal-
semiconductor heterointerface that provide better
e/h* separation and better photocatalytic action.
Khiavi et al. used CuO/Cu,0 as a visible light driven
photocatalyst for removal of MB. The heterojunction
formed between CuO and Cu,O played a crucial
role to separate charged carriers and thereby,
enhance the activity of the material.”" Cu/Cu,O/
CuO nanocomposites were used by Kumar et al.,
for degradation of various dye molecules such as
CR and MG. The remarkable increase in activity
was attributed to oxygen vacancy in the material

379

and hetero-junction pattern. The degradation
of the composite was found to be better than
individual CuO and Cu,0.” The photocatalytic
dye degradation mechanism of Cu,0 and Cu/
semiconductor composite is described in Scheme
3a, 3b; respectively. Table 1 describes Cu-based
nanomaterial in photocatalytic dye degradation.

Scheme 3. The photocatalytic dye degradation mechanism
of Cu,0 (scheme 3a) and Cu/semiconductor composite
(Scheme 3b)

Photocatalytic H, Production

To achieve significant results in the field
of power problems and environmental problems,
effective technology with reasonable cost is an
attractive way. Photocatalytic H, generation is able
to meet above-mentioned requirements to provide
clean and renewable energy.”37#

Hydrogen production through photocatalytic
or photoelectrochemical water splitting using solar
energy is a notable solution to environmental issues.
Starting with the Honda—fujishima effect, a plethora
of research has been done to develop effective
photocatalysts for H, generation.”s767778 Water
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splitting involves Hydrogen-evolution-reaction (HER)
and four-electron Oxygen-evolution-reaction (OER).
To achieve H, generation, Pt, Ir and Ru-based
materials are mostly used for HER and for OER but
their high-cost, less-abundance, instability severely
limit their wide application areas.”®® Therefore,
finding cheap and functional catalysts is of great
importance for researchers. Cu-based catalysts are
expected to meet these requirements for
photocatalytic H, generation as it is cheap and has
strong LSPR effect (Scheme 4). Cu-TiO, has been
employed by many researchers to serve this
purpose. For example, Jing et al.,®' used one-
dimensional Cu/TiO, heterostructures with three to
six nm Cu nanoparticles for photocatalytic H,
generation. Here, the presence of Cu widens
significant LSPR absorption range. Here, hydrogen
gas is not generated when simulated light having
wavelength>700 nm is used. However, amazing
result of H, production was observed when full
spectrum light is illuminated. The improvement is
approximately two-fold compared to using
UV-Visible light irradiation alone. This means that
the photothermal effect caused by SPR plays an
important role in promoting photocatalytic activity.
Plasmon-induced photothermal effect increases
local temperature of catalyst surface. This reduces
the activation energy, favouring more effective
collisions, which increases reaction rate. This also
reduces charge recombination possibility, increases
diffusion capability of the reactant molecules and
intermediate products.®2® These effects are
accountable for higher H, production. The
photothermal conversion during a given photocatalytic
water splitting provided new insight for exploitation
of full spectrum solar energy. Schneider and his co-
workers also employed Cu/TiO, for visible light driven
photocatalytic H, production.?* Due to incident of
visible light on Cu/TiO, surface, charge carriers are
formed. It can be done by either directly exciting TiO,
surface or through copper-SPR induced excitation
of the metal oxide surface. These methods happened
across entire visible light wavelength (=420 nm) but
longer wavelengths of light (>500 nm) leads to the
photocatalytic action only due to Cu-SPR effect. TiO,
under exposure of wavelengths above 420 nm is not
competent to produce hydrogen. It turns out that
copper nanoparticles play an important role in
co-catalysts in energy conversion due to its higher
light harvesting efficiency at higher wavelengths.
Peng et al.,®® also introduced copper nanoparticles-
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decorated TiO, nanotube array for photocatalytic
hydrogen evolution under visible light. The
photocatalyst remained stable and showed excellent
performance owing to strong SPR of Cu evenly
distributed on TiO, nanoarrays. This significant
activity is attributed to production of electrons and
an EM field in the photocatalyst. These hot electrons
move towards the CB of TiO, and thus got separated
from holes. This reduces the chance of recombination
of e7/h* and thus, improving efficiency. Ruediger et
al.,® exploited Cu decorated TiO, for hydrogen
generation from water under light exposure.
However, Cu in the matrix suffers Ostwald’s ripening
i.e., it is oxidised to copper oxide and forms Cu?,
Cutions in water. This reconstructs the photocatalytic
system which retards the catalytic activity. Carbon
was added to TiO, to prevent Ostwald’s ripening
through encapsulation of CuOx (Cu/CuO/Cu,0)
system. Under light irradiation, reduction of CuO
takes place, whereas, Ostwald’s ripening is
prevented. This Operando photswitching mechanism
generates Cu in the material which increases H,
production activity through SPR. Zeng et al.,®”
prepared Cu nanoparticles on CuFe,O, (cuprospinel)
surface. The photocatalytic HER performance of
CuFe,O, is increased due to LSPR of Cu
nanoparticles. It contributes to the separation
function of photo-generated e/h*, which improves
activity of the as-prepared materials manifold
towards photocatalytic hydrogen evolution. Here,
LSPR effect of copper nanoparticles deeply
influences utilization of photons which increases its
catalytic efficiency. The sample having 1.2% weight
of Cuin CuFe,O, showed highest hydrogen evolution
rate (2.26 mmolg'h') which is almost four times
higher than blank CuFe,O, whose hydrogen
evolution rate is 0.45 mmolg'h'. Cu based
heterojunction was used as plasmonic photocatalyst
for H, production by Lou and his group.®® They
employed lollipop-shaped Cu@Cu,0/Zn0O
nanoaterial for photocatalytic H, production through
water-splitting. The heterojunction exhibits
remarkable photcatalytic activity and found to be
superior to bare ZnO nanomaterial because of
plasmonic copper in the material. The as-synthesized
heterojunction with 30 wt% Cu@Cu,O exhibited the
manifold greater rate in comparison to Cu@Cu,O
and ZnO. Distinctive design of Cu@Cu,0/Zn0O
heterojunction permits the efficient electronic
transfer through the Cu to Cu,0 to ZnO pathway.
This improves photocatalytic H, evolution remarkably.
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Cu-SrTiO, (where Cu size ranges from 2.8 to
7.7 nm) was introduced for H, production under
visible light exposure by Liu and his co-workers.®
The as-synthesized nanomaterial showed five times
greater H, evolution than Cu. The analysis indicates
that Fano-interference is decreased between inter-
band transition and LSPR with enlargement of
copper nanoparticles radius. This enhances the
lifetime of photo-produced carriers. The results
revealed that the as-synthesized material will
become an efficient candidate in the field of water
splitting and will decrease reliance on costly Ag, Au
for this purpose. Zeng et al.,*® exploited
nonsemiconductor plasmonic CuCo bimetal for
enhanced solar-driven photocatalytic water splitting.
The photocatalyst shows excellent stability even after
four consecutive cycles and on sun-light exposure
shows outstanding activity towards production of H,
(77.1 pmol/g'h'"). No sacrificial agent was exploited
in this reaction. Upon exposure of sun-light on
bimetallic surface there occurs generation of e7/h*
pairs by way of Landau Damping.®'%2 Then plasmon
driven electrons gathered on Cu surface and were
moved to Co due to a superior WF. The electrons act
as charge carriers. Co nano-sheets reduce
recombination process of e/h* pairs. After that, these
active carriers on the surface of Co nano-sheets
converted the adsorbed water molecules into H,
while, the neighboring water molecules interacted
with photo-generated holes on the Cu to generate
O,. Another CuCo bimetal was combined with
reduced graphene oxide (rGO) by Zhang et al.,* for
plasmon assisted photocatalytic water splitting. It
was done without any sacrificial agent. The CuCo
bimetal with rGO was competent to convert the solar
energy into SPR oscillations and transferred the
e/h* pair through Landau damping. Electrons
present in the bimetal spontaneously moved to rGO.
This kind of synergistic interaction efficiently slows
down recombination of the e/h* pair compared to
the bare CuCo bimetal and pure Co. In a similar
fashion Zeng and his team® exploited dendrite like
CuNi/rGO composite which showed improved H,
evolution rate. Cu was also anchored on metal
chalcogenides to obtain surface plasmon assisted
hydrogen evolution. Xu et al.,** employed Cu/WS,
for photoreduction of H,O to H,. The optimized WS, @
Cu hybrid material remained stable and showed
amazing H,-evolution rate under sun-light exposure.
The rate is almost 40 times greater than pure WS,
The SPR of Cu nanomaterial makes hot electron

transfer to WS, nanomaterial possible. That is why
it showed excellent photoactivity. Table 2 describes
Cu-based nanomaterial in H, production under
exposure of light source.

Scheme 4. Schematic illustration of Cu-based
photocatalytic H, generation
Photocatalytic Carbon dioxide Reduction Reaction

Humans as well as other animals are
facing harshness due to steady increase of global
temperature that results in unwanted climate change.
Increase in carbon dioxide concentration in the air
is one of the reasons of global warming. Therefore,
controlling the CO, emissions is top-most priority
of the researchers to save mankind from future
disaster.®>%” Carbon dioxide reduction (CO,RR)
using solar light into precious chemical fuels provides
a sustainable and attractive method for future
energy rich fuels. Furthermore, it diminished highly
hazardous CO, discharge to a significant extent. CO,
CH,OH, CH, are the common products of CO,RR. It
also results in the formation ethylene, ethane, and
ethanol. Semiconductors, metal—-organic frameworks
(MOFs), inorganic perovskite halides are used
extensively in CO,RR, but reduced catalytic activity
and large band-gap, low electron-transfer efficiency
prohibit them to become a competent candidate in
COZRR_SS,QQJOO

CO,RR through photocatalysis usually
involves three steps which are summarized here.
(1) At first, suitable photon absorption occurs by
the semiconductor and e/h* pairs are produced
subsequently. (2) Then the active species migrated
towards the surface (3) Finally, CO, is reduced by
the photo-electrons, whereas, O, is produced by the
oxidation of water by holes. Adsorption of CO, and
desorption of the products are crucial for the reduction
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process. Cu, due to its various outstanding properties
in combination with other nanomaterial, is competent
to reduce CO, photocatalytically (Scheme 5).

Cu-loaded TiO, porous-material has been
introduced by Zhang et al.,’" It exhibited good
CO,RR activity under solar-stimulated light. Highest
CH, production output of almost 8.04 umol/g.h,
was attained with 0.4 wt% Cu in the nanomaterial.
It was 21 times more than commercially obtained
TiO,. Here Cu traps electrons and separates them
from holes efficiently. The electrons now move to
TiO, surface and start reducing CO,. XPS study
and Auger Cu LMM reveal that Cu(0) is present
on TiO, surface. H, production runs parallel when
CO,RR is going on. This decreases CO,RR rate.
Cui et al.,'®2, through solvothermal technique,
produced Cu@TiO, photocatalyst. In this context,
the incorporated Cu in the semiconductor not only
improves rate of photocatalysis but also enhances
CO,RR selectivity by retarding H, production.
This attributes to fast transfer of electrons from
semiconductor to Cu in Cu@TiO, photocatalyst.
This takes place as the Fermi level of Cu is placed
below the semiconductor level. The electron rich Cu
serves as active site. In this process, CO production
is increased while that of H, is decreased due to
greater adsorption of CO than H* on Cu surface.
Jiang et al.,'® synthesized Cu-dispersed TiO, ultra-
thin nano-sheet. This can substantially forms CO
from CO, under solar irradiation. The catalyst can
be re-cycled for further use. In this process, Cu?*,
being positively charged, is readily adsorbed on the
negative TiO, surface. Upon exposure of solar light
the photo-produced electrons reduce Cu?* to metallic
Cu(0). The process is favored in CO, atmosphere
as presence of oxygen leads to further oxidation of
Cu(0) to Cu* in aqueous system. The electrons on
Cu(0) on reaction with CO, forms CO and O, ion
through HCO,~ and CO,>.0n the other hand, holes
present in the VB of TiO, produces O, and H* by
oxidising water. The proton reacts with oxide ion
and completes the cyclic process. Yuan et al.,'®
synthesized atomically dispersed Cu species on
meso-porous TiO, (m-TiO,) for carrying out CO,RR
photocatalytically. Cu dispersion causes facile multi-
electron reduction which leads to huge enhancement
in CO,RR activity. In this mechanism, initially
adsorption of CO,, H,O occurs on mesoporous
TiO, through diffusion of the adsorbates. After that,
photo-produced e/h* pairs which are trapped by

Cu and surface hydroxyl groups, respectively. This
boosts their separation. The Cu(ll) present initially
reduced to Cu(l) and then to Cu(0) by electrons.
Again, the trapped holes could oxidize Cu(0) back
to Cu(l) and Cu(ll). Therefore, the Cu-species can
attack electrons more. As a matter of fact, the Cu
species could attack electrons more proficiently to
carry out reduction faster than the oxidation. This
results in formation of Cu(0) from other Cu-species
and photocatalyze CO,RR. While, holes activate
adsorbed H,O and hydroxyl groups on the m-TiO,
surface to produce O, and H*. In this regard, the
Cu-species are competent to capture photo-
generated electrons to support the multi-electron
CO,RR to CH,. Fan et al.,'® exploited Cu/TiO,
nanoflower to reduce carbon dioxide to CH,OH.
This Cu/TiO, film was found to show superior
photocatalytic action for the CO,RR. With 0.5
Cu/TiO, nanoflower, under UV-Vis light illumination,
CH,OH production rate was seen six-fold faster
rate compare to bare TiO, film. The increase of
activity corroborates with SPR of Cu nanoparticles.
First, irradiation creates electrons in CB of TiO,
with subsequent transfer to Cu cluster. Afterwards,
due to the LSPR effect electrons become more
energetic. This leads to facile reaction of electrons
with CO, species. The energetic VB holes in TiO,
oxidize H,O or OH- to form OH., which produce
oxygen and hydrogen ion. Hydrogen ion and
active electron accelerate the formation of CH,OH
through reducing CO,. Similarly, SPR effect of Cu
is exploited for improved photo-reduction of CO,
into CH,OH by Ye et al.,"® They utilized Cu/ZnO
photocatalyst for this purpose. Cu/Co core/shell
bimetal was introduced by Song and his team'”
for selective photocatalytic CO, reduction. The as-
synthesized material showed outstanding activity
reducing carbon dioxide to carbon monoxide with
high CO production rate. Herein, no photo-sensitizer
and co-catalyst were used. In addition to this the
Cu/Co exhibited excellent CO selectivity and
remained stable for 48 hours. This enhancement
is attributed to plasmon-induced carrier separation
by the as-prepared materials. The LSPR effect
in metals via Landau damping generates charge
carriers to take part in the selective reduction.
This suitable WF of the bimetal boosts movement
of the active species upon light illumination and
thereby increases the photo-reduction. Cu was also
incorporated into other materials such as CeO, by
Wang et al.,'® This was done in a view to enhance
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the oxygen vacancy. This leads to huge altercation of
band-gap and electronic conductivities. This makes
the photocatalyst to harvest more light, increase
e /h* separation efficiency. Therefore, there occurs
more absorption and subsequent activation of CO,
which ultimately, results in increase in photocatalytic
action. Hu et al.,'® photodeposited Cu on Bi,O,|,
micron-flower for photocatalytic CO,RR. There are
two severe flaws in photocatalysis by Bi,O,l,. One of
them is its poor light harvesting capability and other
one is speedy recombination of photo-produced
carriers. That's why the photocatalysis gives poor
outputs. However, combination of Cu with the
material generates few advantages. One is SPR due
to presence of Cu and other is formation Cu/Bi,O,|,
Schottky junction. SPR effect, due to visible light
irradiation, produces hot electrons which migrate
to CB of Bi,O,|, micron-flower. These carry out the
CO,RR. Again, electrons back-flow is effectively
prevented by Schottky barrier so that the holes
carry out the H,O oxidation. Kuang et al.,""° exploited
Cu/CsCuCl, nano-heterojunction for photo-reduction
of CO, to CH,. The presence of Cu(0) boosts charge
separation, promotes CO, activation, provides
stabilization to the intermediates. It provides almost
three times more electron consumption than bare
CsCuCl,. Selectivity for methane production is
also increased in the heterojunction than the bare
material. Table 3 describes Cu-based nanomaterial
in photocatalytic CO,RR.

Scheme 5. Schematic depiction of Cu-based photocatalytic
CO,RR

Oxidation Reaction

The oxidations of organic compounds have
a solid impact in energy conversion and pollution
mitigation. However, high activation energy of O,
during usual reaction is not good for catalyst stability
and selectivity of product. Inexpensive Cu-based
materials can be good catalysts for O, dissociation
through hot electrons.

Linic and his co-workers''" described
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catalytic epoxidation of propylene to form propylene
oxide on copper nanoparticles photothermally.
There occurs significant selective steady state
enhancement upon exposure of the catalyst in visible
light. Photoexcitation of the LSPR of Cu decreases
surface Cu atoms upon visible-light illumination.
Therefore, rate of reaction is improved. Zhu and
coworkers''2 utilized Cu nanoparticles supported on
titanium nitride for visible-light induced epoxidation
of alkenes. Significant electron transfer between
Cu NPs and titanium nitride indicates the retention of
Cu NPs in metalllic states that activate O, molecule
and increases adsorption of alkenes chemically.
The photocatalyst showed excellent reusability and
stability. Wavelength and intensity of light also found
to influence the reaction process.

Photocatalytic Degradation of Antibiotics

Removal of antibiotics has aroused a great
deal of consideration due to its severe impact on
marine systems and other creatures.’® Cu@TiO,
was exploited by Gan and his team to remove
ciprofloxacin (CPFX) through photodegradation.
Very small Cu content (0.1 wt%) in the hybrid found
to display excellent photocatalytic activity. Three-
fold enhancement in photocatalytic action was
observed with 0.1wt% Cu hybrid owing to greater
separation efficiency of photo-produced electrons
and holes during photocatalysis.® In a similar way,
Cu/Ag,PO, nanomaterial was employed to degrade
CPFX by Liu et al.,"'*

Photocatalytic Removal of Cr(VI)

Crin its +6 oxidation state is highly lethal for
human beings and marine creatures. However, in its
+3 oxidation state it becomes highly necessary for
living organisms. Therefore, reducing Cr(VI) to Cr(1ll)
is a burning issue for the researchers. Photocatalysis
is a unique technique to remove Cr(VI) due to its
less hazardous and less costly approach.''® Patnaik
et al., incorporated copper inside MoO,/g-C,N,
nanocomposite. Herein, MoO, and g-C,N, form a
z-type heterojunction that can effectively reduce
a toxic pollutant Cr(VI). Introducing Cu in the
composite leads to enhancement in photocatalytic
activity and almost 95% reduction of Cr(VI) was
achieved. Double Z-scheme charge transfer along
with oxygen defieciency in MoO, is the reason for
enhancement in photocatalytic activity. LSPR of
Cu helps absorb more visible light and converts
more number of photons to electrons. As a result,
CB of CuO has sufficient electrons to carry out the
reduction reaction.''®
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Table 1: Photocatalytic dye degradation
Photocatalyst Light Source Application Photocatalytic efficiency Role of Cu Reference
CuO Visible light (tungsten- Photo-degradation 43.5% degradation for Electrostatic 46
halogen-lamp(24 V/150  of MB, AY MB and and 66.3% interaction between
W) with a ranging for AY dye and CuO
between 380-800 nm)
Cu,0 Visible light (100 W Photo-degradation 0.0510 min™' rate p-type semiconductor 51
electric-bulb) of CR constant using hollow
octahedron
Cu,0-Cu Xe-lamp (100 W) Photo-degradation = ---------- LSPR of metallic Cu 57
of MO
Cu,0 covered 90 W W-lamp as visible- Photo-degradation 88% photo-degradation LSPR of Cu 60
by Cu nanoparticles  light source of MB was achieved
Cu film/Cu,0/TiO, 450WXe-lamp Photo-degradation 98% photo-degradation  efficient charge 62
of MB was achieved separation and SPR
Cu/Cu,0/Zn0 100 W bulb as visible- Photo-degradation Rate constant was n-p hetero-junction, 63
lightsource of MB 0.0185 min”' Schottky barrier, LSPR
Copper oxide-titanate 150 W Xe-lamp (400 nm Photo-degradation = -------------- interfacial electron- 64
nanobelt and copper- UV cut-off filter) of MO charge transfer and
titanate nanobelt LSPR
Cu/ BaTiO, UV-Vis light with a Photo-degradation 42% degradation inter-band transition 66
500 W Xe-lamp of RhB was achieved associated SPR effect
Cu/TiO, 300 W high pressure Photo-degradation 70% degradation synergistic effect of 67
lamp of MB was achieved Schottky barrier and SPR
Cu particles In-situ 300 W Xe-lamp Reductive debromi- ------- SPR 68
loaded on TiO, nation of deca-
surface brominated diphenyl
ether
Cu@CuNi/ZnO UV light Photo-degradation  ---------- increased life-time of 70
of RhB photo-produced
electrons and holes
CuO/Cu,0 300W Xe-lamp as Photo-degradation = --------------- Hetero-junction 71
visible light source of MB increases the charge
collection, and decreases
the recombination of e-/h+
pair
Cu/Cu,0/Cu0 125 W high vapor Photo-degradation 80% and 60% oxygen vacancy in the 72
nanocomposites pressure Hg lamp of CR and MG degradation were material and hetero-
as UV light source achieved for CR junction pattern
and MG, respectively
Table 2: Photocatalytic generation of H,
Photocatalyst Dosages of  Light Source Sacrificial H, yield Role of Cu Reference
Catalyst agent
Cu/TiO, 10 mg Simulated-light CH,OH 8.12 mmoleh-leg™ LSPR-induced photothermal 81
(A =700 nm) effect
Cu/TiO, 1g/L Light of various CH,OH 30% increase in SPR effect 84
spectral ranges H, evaluation
(> 420 nm or >
500 nm)
Cu/TiO, 4.0 cm? Xe-lamp of Ethelene 3.0 ymol (hcm?)'  SPR effect 85
A > 400 nm glycol
Cu decorated TiO, 0.4 g/L White-light CH,OH 383 pmol g' h~' SPR effect 86
(500 W Xe lamp)
Cu/CuFe,0, - light Not used 2.26 mmol g’ h', LSPR effect 87
Cu@Cu,0/Zn0  -=--me-- UV-Vis light Na,S and 1472.2 ymol h-" g' LSPR effect 88
Na, SO
Cu-SrTio, 02g 300 W Xe arc CHZOH3 76.3 umol h-' g~ mitigates Fano 89
lamp of 2>400 nm interference and
LSPR effect
CuCo bimetal 5mg Sun-light Not used 77.1 ymol h-" g~ SPR effect 90
CuCo bimetal/rGO 5mg 300 W Xe-lamp Not used 365.7 umol h-' g'  Landau damping and SPR 93
which stimulates
sun-light
CuNi/rGO 5mg 300 W Xe-lamp Lactic acid 1787 pmol h-'g'  LSPR 94
for simulated
sun-light source
Cu/WSs, 3mg Simulate sun-light  Lactic acid 64 mmol h-' g SPR effect, Schottkyinterface 95

that includes NIR
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Table 3: Photocatalytic CO,RR
Photocatalyst Catalyst Light Source Reaction system Product Role of Cu Reference
dosage
Cu-loaded TiO, 50mg 300 W simulated NaHCO,(0.1 g)and CH,:8.04 umol g h*! Increases light 101
solar Xe arc lamp 0.3 mL of 2MH,SO, absorption,
electron trap
Cu@TiO, - Xe-lamp (300 W)  --------- CO:32.5 pmol g™ h”! Active centre 102
Cu@Tio, 10mg Xe-lamp (300 W) 100 mLwater, high CO: activity of Cu/TiO, Fast electron 103
purityCO, was is10 times than TiO, transfer
bubbled
Cu/m-TiO, 20 mg 300W Xe arclamp  CO,+H,0 CH4: 8 times greater Fast electron 104
than bare TiO, transfer
Cu/TiO, --e- 16 W high-pressure  CO,+H,0 MeOH: 1.8 mmol cm2 h'  Charge transfer 105
Hg-lamp and 500 W property and
Xe-lamp (420 nm LSPR effect
cut-off)
Cu/Co core/shell 10 mg Xe-lamp (300 W) 4mLH0,2mL CO: 11043.33 pmol g Rapid interfacial 107
bimetal lactic acid charge-transfer
Cu/CeO,-x 50 mg Xe-lamp (300 W) CO, CO: 8.25 pmol g~ Oxygen vacancy, 108
active centres,
increased light
absorption
Cu/Bi,Ol, - 300 W Xe-lamp ~ ---eeeeee- CO production rate of Schottky junction, 109
7.34 ymol g~' h™' SPR effect
Cu/CsCuCl, 5mg 150 W xe-lamp 4 mL of Ethyl acetate, CH,:selectivity up Charge separation 110
and 1 mL of isopropyl  to 92.7%,
alcohol
CONCLUSION photocatalysis will be of huge interest in the near

In conclusion, a plethora of research
articles on photocatalysis using Cu in various
nanomaterials are thoroughly summarized
in the review. These kinds of photocatalysis
have fetched noteworthy attention in scientific
community owing to its low-cost, attractive LSPR
effect, capability to construct Schottky junction
and amazing activity. With potential applications
to mitigate environmental crisis exploiting solar
energy directly, these kinds of materials in

future.
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