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KEYWORDS Abstract Nowadays, increasing extortions regarding environmental problems and energy scarcity
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Heterostructure formation; pollutants that exist in water from agricultural, domestic, and industrial activities has directed
Doping technique, supported the development of advanced technologies to address the challenges of water scarcity efficiently.
photocatalyst; To solve this major issue, various scientists and researchers are looking for novel and effective tech-
Enhanced photocatalytic nologies that can efficiently remove pollutants from wastewater. Nanoscale metal oxide materials
activity; have been proposed due to their distinctive size, physical and chemical properties along with
Pollutant degradation promising applications. Cupric Oxide (CuO) is one of the most commonly used benchmark photo-

catalysts in photodegradation owing to the fact that they are cost-effective, non-toxic, and more
efficient in absorption across a significant fraction of solar spectrum. In this review, we have sum-
marized synthetic strategies of CuO fabrication, modification methods with applications for water
treatment purposes. Moreover, an elaborative discussion on feasible strategies includes; binary and
ternary heterojunction formation, Z-scheme based photocatalytic system, incorporation of rare
earth/transition metal ions as dopants, and carbonaceous materials serving as a support system.
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The mechanistic insight inferring photo-induced charge separation and transfer, the functional reac-
tive radical species involved in a photocatalytic reaction, have been successfully featured and exam-
ined. Finally, a conclusive remark regarding current studies and unresolved challenges related to
CuO are put forth for future perspectives.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In last few years, momentous efforts have been made to
degrade micropollutants, containing persistent organic and
inorganic pollutants, endocrine-disrupting chemicals, pharma-
ceuticals, etc. due to their low concentration but a high risk
that is causing extensive damage to environments (Raizada
et al., 2019a; Dutta et al., 2019a, 2019b). Water is an essential
source of livelihood, but currently, the release of toxic non-
biodegradable inorganic and organic compounds pollutants
in water bodies has caused a scarcity of drinking water. It
has become a danger to human health, ecological balance,
and the development of commercial civilization with the devel-
opment of industries (Brillas, 2014; Singh et al., 2019a).
Almost two million tons of sewage, agricultural and industrial
wastes are constantly released into water resulting in severe
health problems and deaths of almost 14,000 humans every
day (Singh et al., 2019b; Trujillo-Reyes et al., 2014). As a
result, there is an urgent need to control water pollution;
hence, numerous treatments have been introduced in progres-
sion (Raizada et al., 2017a, 2017b; Kumar et al., 2019a,
2019b). Numerous remediation technologies have been devel-
oped for the removal of contaminants, but efficient and eco-
nomical wastewater treatment is still a challenge as its
processes consume loads of energy, resulting in high treatment
costs (Chandel et al., 2020; Hasija et al., 2020). Since past years
many conventional techniques such as flocculation, coagula-
tion, reverse osmosis, ion-exchange, adsorption, precipitation,
membrane-filtration, chlorination, neutralization, photoelec-
trochemistry, sedimentation, etc., have been employed
(Serpone and Emeline, 2012; Raizada et al., 2019b; Singh
et al., 2014, 2019). These traditional techniques have some dis-
advantages, for instance, flocculation and coagulation used to
remove insoluble compounds from water, need additional
chemicals that could be undoubtedly toxic (Hoffmann et al.,
1995; Sharma et al., 2019b). Similarly, membrane filtration
and reverse osmosis eliminates the excess of anions and
cations, but do not tend to remove other types of pollutants
like solvents (phenolic and halogenated compounds, benzene,
and pesticides) and organic pollutants (Konstantinou and
Albanis, 2004; Raizada et al., 2019¢). It is worth noting that
methods mentioned above are limited by their high operating
costs low energy-efficiency and sophisticated types of equip-
ment requirement; therefore, development of novel techniques
are immediately required which should be low cost, environ-
ment friendly and can efficiently remove pollutants from
wastewater (Hasija et al., 2019b; Bouzaida et al., 2004).
Various studies have shown that advanced oxidation pro-
cesses (AOPs) are efficient in the oxidation of several organic
and inorganic pollutants coming from industrial effluents
(Glaze, 1987; Raizada et al., 2019d). AOPs applied for water
remediation are classified into different categories such as (i)

hydroxyl radical based AOPs, (ii)) UV/H,0, (iii)) O3/H,0,/
UV (iv) TiO»/UV/H,0, photocatalysis, (v) Fenton (Fe*"/
H,0,) (vi) Photo-Fenton (Fe**/UV/H,0,) (vii) Sono-Fenton
(Fe’* /JUS/H,0,) (Deng et al., 2015; Sharma et al., 2019a).
Through AOPs, in-situ production of energetic oxidizing
agents, including hydroxyl radicals ("OH), superoxide anion
radical ("O3), and photoinduced charge carriers i.e., electrons
and holes (e"/h ™), caused effective degradation and mineral-
ization of pollutants (Singh et al., 2013a, 2013b; Herrmann,
1999). With the growing demand for pollutant removal and
energy concerns, photocatalysis for environmental treatment
has received attention (Do et al., 2020; Li et al., 2018; Lu
et al., 2016; Molinari et al., 2002; Nguyen et al., 2020a,
2020b, 2020c; Vu et al., 2020; Yu et al., 2016, 2017). It provides
a good replacement for energy in-depth treatment methods
making use of pollution-free and renewable solar energy. Pho-
tocatalysis is a process in which pollutants are oxidized into
CO,, H,0, and other innocuous constituents. It permits one
to utilize light for the acceleration of catalytic reactions and
has acclaimed widely as the utmost favorable technique
(Raizada et al., 2020). Implementation of process engineering
strategies into photocatalysis pointed out that heterogeneous
photocatalysis is most prominent due to higher stability, facile
separation of products, and easier recyclability of the photo-
catalyst. Also, it involves photoinduced chemical reaction on
the surface of semiconductor materials (photocatalyst) upon
exposure to solar light (Shandilya et al., 2018a, 2018b;
Sudhaik et al., 2018a). Photocatalyst with light exposure
greater or equal to the energy of its bandgap causes electrons
transference from the valence band (VB) to the conduction
band (CB) leaving positive holes (h ) in VB whereas, CB band
edges accommodate negatives electrons without decomposing
semiconductor (Patial et al., in press; Ameta et al., 2013).
The photocatalytic mechanism proceeds reaction via photo-
generated holes in VB by the oxidation process to generate
‘OH, and photogenerated electrons involve in the reduction
process to generate hyperoxide or superoxide radicals (H,O,,
05°/HOy) (Fig. la).

Generally, semiconductors are known to be the most power-
ful photocatalysts because of their apt bandgap energies and dis-
tinct electronic configuration with occupied VB and unoccupied
CB (Singh et al., 2019¢). Semiconductors having to distinguish
electronic, light absorption, charge transmission properties,
and porous structure delivered anticipated activities for photo-
catalytic removal of various organic pollutants (Shandilya
et al., 2019). Many semiconductors, i.e., TiO,, g-C3Ny, Fe,03,
CdS, Cu,0 and ZnO, etc. (Sudhaik et al., 2018b), which are
designed for environmental pollution mitigation and H, produc-
tion from water splitting, owing to their unique, attractive prop-
erties. The mechanism of semiconductor-based photocatalysis
(representing semiconductor photocatalyst with PC) is
explained by following reaction steps:
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Fig. 1 (a) Mechanistic view of semiconductor photocat
degradation (Reprinted with permission from Ref. Li et

i. Charge-carrier formation:
PC+hv— hip+ecy
ii. Charge-carrier trapping:
i}y + PC (OH) — {PC OH'}"
ecy + PC (OH) — {PC OH}
iii. Recombination of Charge-carrier:
kg + PC (OH) — {PC OH} + heat
ecy + {PCOH}" — {PC OH} + heat
iv. Charge stimulation at the interface:
{PC OH} + Red. — {PC OH} + Red.*
ecp+ Ox — {PCOH} + Oy

COOH
( ----- > CO,

COOH
alyst for photodegradation in water, (b) Proposed reaction pathways for aniline

al. (2003) and copyright with license Id. 4843541478931).

Here Ox and Red denote oxidant and reductant, respectively.

(1) v. Metal ions reduced by eg,, if present:
nez, + PC"" — PC° (8)
(2) This fundamental mechanism effectively degrades persis-
(3) tent inorganic/organic pollutants in wastewater (Shandilya
et al., 2018a, 2018b; Dutta et al., 2019a, 2019b). However,
the only drawback associated with semiconductor photocata-
lyst is its corrosive nature, which could reduce photocatalysis
(4) efficacy. Photocatalysis in-situ generation is functional via
5) reactive oxidant species (ROS) like "OH, superoxide ("O5),
H,O, etc. (Hasija et al., 2019a). "OH radicals, the second most
energetic high standard reduction potential after fluorine (E
° = 3.0 V/SHE) is "OH possessing E° (OH/H,0) = 2.80 V/
(6) SHE causing non-selective oxidation with most organics giving
) innocuous products (such as H,O and CO,) (Singh et al., 2018;

Glaze, 1987).
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Recently, transition metal oxides (TMOs) such as TiO,,
ZnO, MnQO,, Sn0O,, CdS, WO;, CuO etc., has gained signifi-
cant attention from research communal due to their astonish-
ing physical and chemical properties (Kabra et al., 2004; Suri
et al., 2012). Titanium dioxide TiO, has been considered as
one of the most noticeable photocatalysts since 1972, owing
to low price, non-toxic nature, high activation, long-term sta-
bility, and easy availability (Fujishima and Honda, 1972;
Sharma and Lee, 2016a). It is the most commonly used photo-
catalysts, but its bandgap (3.0-3.2 eV) is too wide to engross
sunlight proficiently (Sharma and Lee, 2016b, 2017a). Another
metal oxide, ZnO, is a well-known and well-discovered semi-
conductor with excellent chemical stability, biocompatibility,
unique electronic structure, and low production cost
(Sharma and Lee, 2017b, 2016¢). It has been broadly used in
the various energy conversion process as well as and in photo-
catalytic fields (Ong et al., 2018). However, it is also associated
with some limitations such as wide bandgap, high photo-
corrosion when subjected to the irradiation, dissolved at acidic
and alkaline solutions, and absorption in the UV region (Liu
et al., 2013). Correspondingly, the development of visible-
light-driven photocatalysts is highly required for the robust
harvesting of light energy from the sun or any artificial
visible-light sources. Therefore, numerous visible-light-driven
novel nanomaterials (metal oxides) have been synthesized as
photocatalysts having low bandgap to harvest maximum solar
light (visible light) such as CuO (Liu et al., 2013), WOj; (Hasija
et al., 2019¢c), MnO, (Chen et al., 2012), etc. During the past
20 years, variant transition metal oxides (TMOs) materials
have been studied as an efficient photocatalyst for degradation
and in various other realms (Raizada et al., 2016). These metal
oxides possess superior photodegradation activity under visi-
ble light irradiation.

1.1. CuO as photocatalyst

Among all metal oxides, cupric oxide (CuO) has been a hot
research topic due to its remarkable properties as a p-type
semiconductor with constricted band gap (1.2-2.0 eV) and as
a basis of several high-temperature superconductors and giant
magnetoresistance materials (Anandan and Yang, 2007; Li
et al., 2012). CuO monoclinic crystal structure exhibits excel-
lent physical and chemical properties such as large surface
areas, proper redox potential, good electrochemical activity
superthermal conductivity, and excellent stability in solutions
(Narayanan and El-Sayed, 2005; Zhang et al., 2016). CuO con-
stitutes of 3d and O 2p shell occupied by CB and VB edges
with lower bandgap resulting in maximum ROS generation
and maximum absorption of visible light even up to infrared
region (Xu and Schoonen, 2000; Sun et al., 2019). CuO photo-
catalyst with 1.7 eV bandgap has 0.46 V and 2.16 V of CB and
VB potential, respectively, which is more than standard redox
potential as well as appropriate for the release of “OH and "O3
radicals, required for photodegradation (Kumar et al., 2014).

1.1.1. Pathways of pollutant removal reaction using CuO based
photocatalyst

In the photodegradation process, when CuO based photocata-
lysts are placed under solar light, the generation of some
electron-pairs takes place. In neutral/alkaline pH, released
electrons reacted with O,, which behaves as the final recipient

of electrons, and O, was converted to O> radicals (Ahmed
et al., 2011) (Egs. (9)—(16)). Norzace et al. (2017) proposed a
possible mechanism of aniline degradation by "OH and O3
as shown in Fig. 1b. From the Egs. (9)-(16), it can be clearly
witnessed that generated O5 and "OH radicals reacted with
aniline pollutants and degraded it into the nontoxic product.
Accordingly, aniline was degraded into intermediate com-
pounds such as dianiline, 4-anilino phenol, and azobenzol.
After that, the benzene ring of generated intermediate products
was deboned by "OH radicals, and some low molecular weight
compounds such as phenylsuccinic acid, maleic acid, and other
organic compounds were generated (Li et al., 2003). Lastly, the
latter compounds were degraded into nontoxic products (CO,
and H,0).

Photocatalyst + hv — ecp + hyy 9)
H,0+hiy — OH + H' (10)
I+ OH — OH (11)
Or+ecy — 0y (12)
0y + H" — HO, (13)
2HO, — 0, + H,0, (14)
Hy0, — 20H (15)
H,0, + ¢ — OH + OH (16)

CuO has attracted considerable attention due to its favour-
able applications in different areas such as photocatalysis,
catalysis, electrochemistry, sensors/biosensors, energy storage,
antifouling coatings, and biocidal agents (Verma and Kumar,
2019). Besides this, CuO nanoparticles have revealed their
application in pharmacological activity, especially in antitu-
mor therapy. Furthermore, physical parameters such as shape,
size, structure, and composition which could influence CuO
nanostructure can be controlled, and by controlling these
parameters, the photocatalytic activities of CuO can be modi-
fied to achieve efficient degradation of contaminants (Gusain
and Khatri, 2013; Bhaduri and Kajal, 2019). Thus, CuO metal
oxide has been proved to be an effective visible range active
photocatalyst for photodegradation of contaminants without
the addition of H,O, (Hoffmann et al., 1995). Until now, vari-
ant advancement in CuO metal oxide photocatalysis for pollu-
tant degradations has been growing over the last 20 years.
However, only a few scattered reviews have been published
in the literature on the application of CuO in photocatalysis
(Zhang et al., 2014; Tran and Nguyen, 2014). Several other
reviews have tended to focus on the synthesis and characteriza-
tion of CuO NPs and their potential applications. To get the
idea about overall published research reports, we access the
“Scopus” site. From the “Scopus” database, the numbers of
reports are 513, 346, and 229 by using keywords “CuO + pho
tocatalyst”, “CuO + photodegradation” and “CuO + water
splitting”, respectively. Overall reports on CuO as photocata-
lyst for photodegradation from 1996 to 2020 have been illus-
trated in (Fig. 2a). The given pie chart illustrates diverse
photoactive applications of CuO metal oxide-based photocat-
alyst and the percentage of variant advancement for CuO
(Fig. 2b).
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CuO has many excellent physical and chemical properties
such as high thermal/electrical conductivity, high mechanical
strength, high-temperature durability, large surface areas,
proper redox potential, good electrochemical activity and
excellent stability in solutions which make it an efficient candi-
date in various fields. Most of the review articles have focused
on 1D CuO nanostructures only (Li et al., 2012; Filipi¢ and
Cvelbar, 2012), and limited reports have described synthesis
techniques implemented for CuO nanocomposite formation
with the incorporation of their associated applications
(Anandan and Yang, 2007). Till now, very few review articles
have been published on the organized introduction of recent
advancements in various CuO nanostructures to improve its
properties. This article offers a comprehensive review of sys-
temic discussion on the structural and fundamental properties
of CuO with its potential applications. The review begins with
a description of commonly used different synthetic strategies in
consort with the synthesis process. For each synthetic method,
several published research articles based on CuO have been
cited, and their synthesis route has been conferred. In the same
way, diverse modification techniques such as binary and tern-
ary heterojunction formation, Z-scheme based photocatalytic
system, incorporation of rare earth/transition metal ions as
dopants, and coupling with carbonaceous materials (support
system) have been elaborately discussed with its promising
applications in wastewater treatment purposes. In the above-
mentioned different modification techniques, various
nanocomposite formations of CuO photocatalysts with other
photocatalysts have been discussed. We have focussed on dis-
tinct engineering strategies to increase the photocatalytic activ-
ity of CuO in pollutant degradation as well as we have also
discussed how these strategies affect photocatalytic activities
of these photocatalyst systems. We have briefly reported the
preparation of CuO NPs and modification to overcome limita-
tions of CuO by binary and ternary heterojunction formation,
Z-scheme based photocatalyst, and carbonaceous supported
materials. Recent developments in the applications of various

(b) OQCu®@o © «f

CuO nanostructures are also reviewed. This present discussion
will be helpful for promising selections of photocatalysts on
the basis of their presented interesting properties and applica-
tions. In particular, focus on the fundamental properties and
various heterostructure forms of CuO along with perspectives
will be beneficial in terms of future research on the develop-
ment of CuO nanostructures.

1.2. Optical, electrical and structural properties of CuO

The bandgap of semiconducting material plays an essential
role in exploring optical properties. Optical properties of
CuO photocatalysts in the absorption region are mainly con-
quered by the absorption edge well-defined by bandgap.
CuO nanomaterials exhibit a remarkable property as control
of potential energy levels of CBs and VBs along with bandgap
through altering the size and shape of CuO. Nanostructured
CuO band gap is blue-shifted than bulk CuO i.e. lower band-
gap with reported values usually ranging from 1.2 eV to 2.1 eV
(Zhang et al., 2014). Some other studies have also stated a
wider bandgap of CuO up to 4.13 eV and 3.02 eV for 10 nm
quantum dots and well-arranged CuO nanoplatelets, respec-
tively (Yang et al., 2011). Consequently, CuO photocatalyst
shows strong absorption in the visible spectrum with a little
transparency for wider bandgap nanostructured samples of
CuO exhibiting absorption in the UV region. Prominently,
CuO photocatalyst optical properties are intensely reliant on
sample preparation as well as the techniques used for measure-
ment with test temperature. Raman spectroscopy is a charac-
terization technique used to explore the optical properties of
nanoscale materials due to its sensitive examination to native
atomic arrangements and vibrations of nanomaterials. CuO
has a monoclinic structure with the Cgh of space group and dis-
plays three acoustic modes (Au + 2Bu), six IR-active
approaches (3Au + 3Bu), and three Raman-active modes
(Ag + 2Bg) (Sathiya et al., 2017). Some structural properties,
such as grain size, grain boundary, film thickness, specific

—— Pure CuO (GGA)
Pure CuO (LDA)

Density of states (states/eV)

ON & O
T

-20 -10 o 10 20

Photon energy, E (eV)

Fig. 2 Crystal structure of CuO (a) three dimensional and (b) two dimensional CuO and (c) partial and total density of states of CuO
supercell. (Reprinted with permission from Ref. Nesa et al. (2020) and copyright with license 1d. 4771831232359).
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Fig. 3 Based on Scopus database with search terms: (7930 accessed on February 15, 2020) (a) Bar graph showing overall publications
from 1996 to 2020, (b) pie chart showing percentage of sharing by variant photoactive application.

phase, and dopants, remarkably affect the electrical conductiv-
ity of the material (Nair et al., 1999). For this, synthesis meth-
ods, as well as growth mechanisms, play a significant role and
have a strong effect on the electrical properties of CuO. For
example, in previous results, it was reported that CuO film syn-
thesized from acetate and sintered at 300-600 °C through a
chemical solution deposition technique possessed superior
electrical conductivity, i.e., 1072 S/cm to 1073 S/cm. Similarly,
film conductivities of CuO nanoparticles synthesized by Cu
2-ethylhexanoate and naphthenate were 107® to 10~* and
2 x 1073 to 107 S/em, respectively (Zhang et al., 2014). From
previous results, it was also observed that the conductivity of
doped CuO film rises on doping with Li* and diminished on
doping with AI**

CuO has been studied thoroughly for decades to fetch a
deeper understanding of the physical aspects of CuO metal
oxides materials, which includes crystal structure, electronic,
optical, and magnetic properties. CuO is considered as proto-
type material with tenorite monoclinic crystallographic struc-
ture possesses low symmetry (C$,) having general formula
units/unit cell Cudennec and Lecerf, 2003). In 1933, Tunnel
and co-workers reported the first original crystal structure of
CuO and were modified by the X-ray single-crystal method

(Asbrink and Norrby, 1970). For magnetic structure, Cu atom
has four coordination number, i.e., four O atoms are linked to
Cuin a (110) plane of square planar configuration, and each O
atom is encircled by four Cu in slightly distorted tetrahedron
form (Ray, 2001; Tahir and Tougaard, 2012). As 1D nanos-
tructure materials exhibit more grain boundaries and exposed
active crystal planes, which leads to the large surface to volume
ratios resulting in improved photocatalysis activity (Kum
et al., 2013; Zhang et al., 2014). As filled VB and empty CB
characterized its electronic properties, the presence of H,O,
plays a prominent role in the photocatalysis process, In the
absence of H,O,, CuO photocatalyst is incapable of generating
a good amount of "OH species which have high oxidation
power to degrade organic pollutant. Green’s function and cou-
lomb’s potential (GW) approximation, advanced techniques,
have been used to determine the electronic structure of CuO
which enables prediction of the density of states (DOS) and

bandgap of semiconductor without any electron correlation
(Wu et al., 2006; Ekuma et al., 2014). Ahmed et al. explicated
a comparison of both the above studies, i.e. (DFT + U) and
(GW) to determine electronic and optical studies of monoclinic
CuO (Ahmad et al.,2016). They explored that DFT + U and
GW approximation is adequately reliable to examine CuO
nanomaterial properties. Nesa et al. reported structural prop-
erties of CuO via DFT based first-principles calculations and
explored crystal structure of bare CuO in three and two dimen-
sional as presented in (Fig. 3a) (Nesa et al., 2020). Similarly,
partial and total DOS was also demonstrated through local
density approximation (LDA) and generalized gradient
approximation (GGA) as shown in (Fig. 3b).

2. Synthetic strategies for CuO nanostructures fabrication

To understand the fundamental significance and applications
of nanoscale materials, innovative fabrication techniques play
an essential role and have attracted much consideration
widely. Different fabrication techniques permit researchers to
modify morphology, particle size, size distributions, and com-
position reaction parameters. Recently, many chemical and
physical approaches have been invented for the fabrication
of different CuO nanostructures with varied and desired mor-
phologies, sizes, and dimensions. However, despite different
synthesis strategies reported to CuO nanoparticles, it is not
easy to alter the size and shape of nanoparticle simultaneously
(Liu et al., 2016a, 2016b). As there is a requirement of precise
control over synthetic strategies during fabrication of
nanoparticles with desirable properties, which in order give
rise to different copper oxide nanostructures formation with
controllable dimensions. Various fabrication strategies, i.e.,
colloidal synthesis, template synthesis, thermal oxidation,
sonochemical and solvothermal techniques have been utilized
to form CuO nanostructures with a different shape such as
nanowires (Li et al., 2014), nanocubes (Rubilar et al., 2013),
nanoribbons (Sun et al., 2015), nanoflowers (Shinde et al.,
2015), nano-octahedra (Pal et al., 2013) and nanofilms (Lu
et al., 2015) etc. Therefore, to streamline the discussion over
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CuO nanoparticles synthesis, we present the most common
synthetic strategies which have been divided into three differ-
ent classes based on involved methods, i.e., electrochemical,
chemical, and biogenic methods.

2.1. Electrochemical methods

Electrochemical methods are the most commonly used method
to synthesize metal oxides among widely available techniques
due to its ease, low-temperature procedure, and viability.
Many electrochemical techniques such as nanodisks (Das
and Srivastava, 2016), nanorods (Karami and Afshari, 2017),
nanosheets (Zhang et al., 2010), nanospheres (Yang et al.,
2006), nanoribbons (Wang et al., 2018), nanospindles (Yuan
et al., 2007), nanowhiskers, and nanodendrites (Lu et al.,
2004) have been reported for the fabrication of CuO nanopar-
ticles with anticipated morphology. The electrochemical syn-
thesis process exhibits anodic dissolution of copper in an
alkaline medium (Figueroa et al., 1993). Electrolyte concentra-
tion, deposition potential and time, reaction temperature, as
well as the presence of additives, are the reaction parameters
that play a vital role in morphology analysis and nanoparticle
yield. Amongst all these parameters, nanomaterials phase
composition is highly reliant on reaction solution temperature
because it increases Cu(OH), decomposition to CuO nanopar-
ticles (Karami and Afshari, 2017). Das and Srivastava synthe-
sized (CuO) nano-disks by optimized Taguchi’s robust design
and using copper succinate nano-rods. At first, cylindrical cop-
per succinate rods were synthesized via electrochemical method
using different concentrations (C,) of a succinic ion at diverse
applied currents (I,,) and pH of reaction solution in a glass
electrolyte bath. Then prepared copper succinate nano-rods
were thermally treated or calcined in a muffle furnace under
a static air atmosphere for five hours at varied temperatures
to produce copper oxide nanodisks (Das and Srivastava,
2016). Yuan et al. fabricated CuO nanocrystals having differ-
ent shapes through a simple and effective electrochemical
method at room temperature (Yuan et al., 2007). They used
aqueous NaNO; (200 mL electrolyte) and Cu (sacrificial
anode) in a single cell at a constant current approach for lim-
ited hours to prepare CuO nanocrystals. The sono-
electrochemical method was used by Mancier and his group
to prepare copper oxide nanopowders utilizing mechanical
energy from sonotrode generated in cavitation in liquid to
boost a specific chemical reaction (Mancier et al., 2008).
Plasma electrochemistry, a new method with an improved ver-
sion of the electrodeposition method, has attracted much
attention to synthesizing CuO nanoparticles. Released plasma
is an electrically neutral medium that has reactive radicals and
the potential to synthesize copper oxide nanoparticles. In this
method, an electrode is replaced with a gaseous discharge of
plasma, which assists CuO nanoparticles formation in the
plasma — liquid interaction region (Liu et al., 2016a, 2016b).

2.2. Chemical methods

Chemical methods are other conventional techniques which
have been widely used to prepare metallic nanoparticles.
CuO nanoparticles have been synthesized through numerous
chemical methods such as hydrothermal, (Kumar et al.,
2014; Jana et al., 2018), reverse microemulsion (Kumar

et al., 2013), solvothermal (Yang et al., 2015), sonochemical
(Safarifard and Morsali, 2014), mechanochemical (Ameri
etal., 2017), etc. These distinct approaches offer scalable appli-
cations and variant advantages such as precise uniformity in
the shape and size of the final product, cost-effective,
efficient-throughput equipment. Copper oxide nanoparticles
are generally prepared by chemical reduction of a copper salt
precursor using organic and inorganic reducing agents. After
the reduction of precursor, the obtained precipitate was
washed and calcined to attain different morphology nanos-
tructure. Copper sulfate, copper nitrate, copper acetate, and
copper chloride precursors have been used previously by the
researcher for the preparation of CuO nanoparticles. It has
been reported that the resultant morphology of CuO nanopar-
ticles can be controlled by altering concentration and counte-
rions of precursor (Siddiqui et al., 2016). Chawla et al.
fabricated CuO nanostructures through facile chemical precip-
itation route utilizing copper acetate, copper nitrate, and cop-
per sulfate (three different precursor salts). Spindle-shaped
CuO nanostructures were obtained through different precur-
sors, i.e., copper acetate and copper nitrate varying in the aver-
age size of 60 and 32 nm, respectively; however, flower-shaped
CuO nanoparticles with an average size of ~16 nm were
attained through copper sulfate precursor (Chawla et al.,
2017). Similarly, copper sulfate and copper nitrate salts also
led to the formation of cubical and spherical CuO nanoparti-
cles, respectively (Bhosale and Bhanage, 2017). Furthermore,
precursors concentration and selection of capping agent also
affects the CuO nanoparticle morphology as higher salt con-
centration caused an increase in particle size. However, the
replacement of ascorbic acid, adipic acids, fumaric acids, and
succinic acids (capping agent) leads to the formation of nano-
cubes, nanorods, nanowires, and nanobelts (Bhosale et al.,
2016). Presently, microwave supported chemical methods have
gained much attention for preparation of CuO nanostructures
having different morphology such as spherical), tubular and
cubical due to rapid kinetics, rapidity, and efficiency
(Bhosale et al., 2013). This technique involves mainly two
parameters, i.e., irradiation time and power applied must be
optimized to attain nanoparticles of anticipated shape and
dimension. Another technique, sonochemical method, has
been reconnoitered to fabricate CuO nanoparticles comprising
the use of ultrasound waves. These ultrasound waves bring out
some physical and chemical variations in the system through-
out cavitation and create a local area with extreme tempera-
ture and pressure conditions, appropriate for nanoparticle
synthesis. Using this method, consistently dispersed CuO
nanoparticles (5-10 nm) have been prepared by Kumar et al.
at room temperature and for better dispersibility embedded
in poly(vinyl alcohol) (Vijaya Kumar et al., 2001). Neverthe-
less, sometimes the high temperature is required to improve
crystalline nature as well as the particle size of copper oxide
nanostructures (Saravanan and Sivasankar, 2016). Moreover,
the hydrothermal method is a solution-based technique where
the reaction occurs in water. The method has many advantages
such as easy desolvation of variant inorganic salts in water,
which gives flexible adjustment to required metal ions, active
growth of nanostructure due to strong polarity of water,
non-toxic and cost-less nature of water which facilitates per-
formance in large scale and low temperature. Furthermore,
different morphologies were obtained by a hydrothermal
method such as butterfly-like (Zhang et al., 2009),
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honeycomb-like (Liu et al., 2007), dendrite (Zhang et al., 2008)
and shrimp structure (Liu et al., 2012), layered-hexagonal discs
(Abaker et al., 2011), flower (Liu et al., 2007), self-assembled
leaf (Dar et dl.. 2010) and nanobelt (Dcll et al., 2009). Another
solution-based method is chemical precipitation technique,
which is similar to the hydrothermal method. This technique
also gives rise to distinct morphologies such as leaf-like,
shuttle-like, dandelion-like shapes nanostructures. Vaseem
et al. prepared a flower-like shape of CuO nanostructure using
chemical precipitation technique, which has been demon-
strated in (Fig. 4) (Vaseem et al., 2008).

2.3. Biological methods

Electrochemical and chemical methods are mostly used con-
ventional methods to prepare metal and metal oxide nanopar-
ticles but, due to expensiveness and usage of harsh chemicals,
they are not much efficient. Therefore, environment-friendly
biological methods have gained much attention to fabricate
nanoparticles due to safe, fast, simple, and ecological posses-
sions without the need for any sophisticated apparatus, con-
trolled atmosphere, and noxious chemicals (Nasrollahzadeh
et al., 2016; Sharma et al., 2015). The biological method is
advantageous in the field of green chemistry as its main
emphasis is on those techniques which involve the least usage
of material and energy with minimal wastage during produc-
tion (Upadhyay and Verma, 2015). Amongst all biological
methods, an extract of plants and their parts such as stem,
flowers, leaves, and roots appear to be the best precursors
owing to easy sampling and low-cost for large-scale fabrication
of nanoparticles (Nasrollahzadeh et al., 2015a, 2015b). Other
than this plant extraction method, naturally present reducing
agents, i.e., carbohydrates, enzymes, unicellular/multicellular
microorganisms, and biodegradable polymers, can also be
used in the synthesis process. Plant-mediated nanomaterial

synthesis is a synthesis process where the use of the reducing
agent also performs as a stabilizing agent and thus gets rid
of the requirement of any external stabilizers. Since the early
1900s, researchers have explored that plant materials can
reduce metal ions (Singh et al., 2017a, 2017b). To synthesize
CuO nanoparticles via biological methods numerous plant
extracts have been explored comprising Carica papaya
(Sankar et al., 2014), Solanum lycopersicum (Vaidehi et al.,
2018), Tabernae montana divaricate (Sivaraj et al., 2014), Calo-
tropis gigantea (Sharma et al., 2015), Rheum palmatum L.
(Bordbar et al., 2017), Aloe vera (Kerour et al., 2018), Camel-
lia japonica (Maruthupandy et al., 2017), Piper betle
(Praburaman et al., 2016), Theobroma cacao L. seeds (Mittal
et al., 2013) Tamarix gallica (Nasrollahzadeh et al., 2015a,
2015b), Rauvolfia serpentinia (Lingaraju et al., 2015), etc.

The mechanism of nanoparticle synthesis includes the
reduction of precursor salt by one or more reducing agents
present in the plant extracts. For the preparation of plant
extracts, firstly, plant and/or its parts are boiled and crushed
in a solvent (mostly distilled water), and then the super-
natant was cautiously collected after centrifugation. Plants
mostly have a significant chemical composition of phenolic
compounds, quinol, alkaloids, flavonoids, terpenoids, and
chlorophyll pigments, which can reduce metal ions. Simi-
larly, a major starch component of a plant also has reducing
abilities (Tongsakul et al., 2012). Alishah et al. prepared
CuO nanoparticles using starch extracted from Solanum
tuberosum. It was confirmed by all the analyses that synthe-
sized nanoparticles were highly stable and spherical, with an
average size of about 54 nm (Alishah et al., 2017). Yugand-
har et al. synthesized CuO NPs using Syzyglum alterni-
folium stem bark and CuSO45H,O precursor. Through
FT-IR analysis, it was confirmed that phenols and primary
amines caused the capping and stabilization of nanoparti-
cles. Morphology and rate of nanoparticle synthesis can be
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Fig. 4 Schematic developed mechanism view of CuO flower shaped nanostructure formation. (Reprinted with permission from Ref.

Vaseem et al. (2008) and copyright with American Chemical Society).
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simply controlled by changing pH, temperature, substrate
concentration, and exposure time parameters to the precur-
sor (Yugandhar et al., 2017). Furthermore, several microor-
ganisms like bacteria, yeast, fungi, and actinomycetes have
also been explored for extracellular/intracellular fabrication
of nanoparticles. Cuevas et al. used a white-rot fungus, Ster-
eum hirsutum, for the green synthesis of CuO nanoparticles
(spherical shaped with a size range of 5-20 nm) in the pres-
ence of three different copper salts (CuCl,, CuSQ,, and Cu
(NOs3),) under varied pH conditions, i.e., 5, 7 and 9 (Cuevas
et al., 2015). Honary et al. synthesized and stabilized extra-
cellular fabrication of monodispersed CuO nanoparticles
using Penicillium aurantiogriseum, Penicillium citrinum, and
Penicillium waksmanii which have been isolated from soil
(Honary et al., 2012). UV—vis and fluorescence spectrum
confirmed the existence of some secreted proteins (able to
hydrolyze metal precursors into metal oxides extracellularly)
from fungi in the culture. Eltarahony et al. performed syn-
chronous biosynthesis of 0D (intracellular) and 1D (extracel-
lular) CuO-NPs via Proteus mirabilis 10B first time in 2018
(Eltarahony et al., 2018). Surface plasmon resonance was
authenticated by UV-Vis spectroscopy at 275 and 430 nm
for intracellular and extracellular CuO-NPs. Surprisingly,
extracellular CuO-NPs displayed rod, needle, and wire-
shaped nanoparticles with 17-37.5 nm (width) and 112—
615 nm (length). Many microorganisms have been employed
for the preparation of metallic nanoparticles, but, only a few
studies have been stated for CuO nanoparticle preparation.

Besides many unique and excellent properties, CuO is
associated with some limitations which have been given as
follows:

(1) Low bandgap, so there is the possibility of electron-hole
pair recombination

(ii) Photocorrosion of CuO photocatalyst mainly due to an
accumulation of photoinduced electrons. To overcome
these disadvantages, several modification strategies have
been employed. Out of which mainly heterojunction for-
mation leads to enhanced photodegradation.

3. CuO based heterostructure construction for pollutant
degradation

Bare CuO TMOs are not so efficient for pollutant degradation
due to fast charge recombination; thus, there is a need to
enhance its photodegradation efficacy and to make it an effi-
cient photocatalyst. As a consequence, various strategies have
been applied to augment photodegradation efficiency, which
includes (1) heterojunction construction and (2) Z-scheme
heterojunction system, (3) doping with rare earth and transi-
tion metals and (4) carbonaceous supported metal oxides.

3.1. Heterostructure formation

Heterojunction formation takes place between two dissimilar
semiconductors with suitable bandgap alignment resulting in
the enhanced transference of electrons by reducing recombina-
tion rates of photogenerated charge carriers. This is the most
promising approach for enhanced photocatalytic performance
of photocatalysts (Priya et al., 2016; Raizada et al., 2017a,
2017b, 2014a, 2014b). The lower bandgap of CuO TMOs pho-

tocatalyst leads to electron-hole pairs (EHP) recombination,
thus possess low photodegradation efficacy. Hence there is
the need for heterojunction construction of bare CuO with
other photocatalysts to improve its photodegradation effi-
ciency. The conventional heterojunction technique is classified
into three different categories, i.e, (i) type-1 (straddling gap),
(ii) type-11 (staggered gap), (iii) type-1I1 (broken gap), based
on bandgap edges of the composite photocatalyst (Raizada
et al., 2020; Sonu et al., 2019; Hasija et al., 2020).

The primary mechanism for photocatalysts heterojunction
formation is discussed below:

In type-I heterojunction, VB and CB position of (photosys-
tem) PS-I are lower and more significant than VB and CB
of neighboring PS-II, which give rise to migration of pho-
toexcited holes and electrons of PS-I to VB and CB of
PS-II that is negative for charge separation.

In the type-II system, VB and CB of PS-I are higher than
VB and CB of PS-II, resulting in easy transport of electrons
from CB of PS-I to PS-II having reduced reduction poten-
tial, simultaneously holes migrate from VB of PS-II to PS-1
with reduced oxidation potential leading spatial electron-
hole separation.

In type-III heterojunction, migration of charge carriers fol-
low a similar pathway as in type-II, but band edges are fur-
ther set off, resulting in no transference or separation of
EHP (Fig. 5).

Similarly, Z-scheme is also a subset of heterojunction con-
struction used to optimize the drawbacks of lower redox
potentials of heterojunction system. Here, electrons/holes
were accumulated on distinct PS giving spatial charge car-
rier separation. This modern approach enables efficient
migration of photogenerated charge carriers over short dis-
tances to reach active sites on the photocatalyst surface
without recombination.

Beyond all three heterojunction systems, type-II hetero-
junction provides optimum band positions for efficient charge
carrier separation leading to enhanced photocatalytic activity.
The build-in potential at the interface of semiconductors can
enhance the transference and separation of photogenerated
EHP. Thus, it is considered as the most prominent composite
photocatalytic system among all heterojunctions due to its
improved photocatalytic performance via reduced EHP recom-
bination, which avails efficient charge carriers for a reactive
radical generation.

3.1.1. CuO based Type-II binary heterostructure photocatalyst

The heterojunction of two different semiconductors represents
an effective structural design for improving photocatalytic
activity. The mixture of variant heterojunction is said to be
heterostructure. For photocatalytic activity, two PS employed
in heterojunction formation must possess distinct band gaps
with lower band energy lying in the visible range. Li and co-
workers prepared CuO/CeO, heterostructure for the degrada-
tion of methyl blue (MB) pollutants in high salt wastewater (Li
et al., 2019). The synthesized nanocomposite exhibited an
absorption range of visible light up to 510 nm, and the calcu-
lated bandgap of CuO/CeO, heterojunction was 2.43 eV,
which was confirmed by diffuse reflectance spectroscopy
(DRS) results. The photodegradation efficiency of CuO/
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(Type-I) Straddling gap

Fig. 5

CeO, nanocomposite for methyl blue (MB) degradation was
enhanced from 18 to 33.74% and was mainly due to the bom-
bardment of "*OH radical. More than 80% of MB was force-
fully removed from wastewater, having 5-80 g/L NaCl in
2.11-9.02 pH range. Nogueira groups prepared CuBi,O,/
CuO nanocomposites by a solvothermal technique using Bi
(NO3);-5H,0 and Cu (CH5COO,).H,O precursors (Nogueira

Fig. 6

(Type-II) Staggered gap

Reduction

(Type-III) Broken gap

Schematic heterojunction growth of (a) type-I Straddling gap, (b) type-II Staggered gap and (c) type-111 broken gap.

et al., 2019). Photodegradation efficiency of prepared CuBi,-
0,4/CuO heterojunctions was evaluated via degrading methy-
lene blue (MB) dye and metronidazole (MTZ) under
simulated solar light and visible light illumination, respec-
tively. Field emission scanning electron microscopy (FESEM)
results confirmed the formation of CuBi>,O4/CuO heterostruc-
ture in the shape of nanocolumns with a small plate-like
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(a, b) FESEM images of CuO/CuBi,0O4 heterostructure synthesised under solvothermal conditions (120 °C for 12 h), (c) HR-SEM

image and (d) XPS spectra of CeO,/CuO heterojunction. (Reprinted with permission from Ref. Nogueira et al. (2019) and copyright with

American Chemical Society).
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nanoparticle (diameter as 2 pm) which were consistently dis-
persed over the surface (Fig. 6a, b). The synthesized hetero-
junction exhibited excellent photocatalytic activity with 98%
and 36% removal of MB degradation and MTZ, respectively,
due to effective charge separation under visible light range
with 2.1% of apparent quantum yield (AQY) (A = 540 nm).
Similarly, CeO,/V,05 and CeO,/CuO nanocomposite were
prepared using the thermal decomposition technique for effec-
tive MB photodegradation (70.1% by CeO,/CuO) under a vis-
ible region. X-ray photoelectron spectroscopy (XPS) analysis
confirmed the presence of constitutes Ce*™, Cu*", C,and O

4

Fig. 7 Schematic growth mechanism showing charge transfer
heterostructure (Reprinted with permission from Ref. Saravanan et al

(a) (b)

relative oxidation states without any impurities and high-
resolution scanning electron microscopy (HR-SEM) results
depicted irregular morphology of nanocomposites due to accu-
mulation of small spherical shaped NPs (Fig. 6¢c, d). For CeO,/
CuO nanocomposite, an EHP separation mechanism during
the photodegradation process of MB degradation under visible
range, as depicted in (Fig. 7). Here, CuO was more activated
due to its lower bandgap (1.83 eV), where electrons in CB of
CuO undergo reduction reaction and holes in VB of CeO,
experience oxidation reaction, thereby, diminished EHP
recombination (Saravanan et al., 2013). Furthermore, Li and

Reduction

pathway during MB photodegradation of CuO/CeO, nano-
. (2013) and copyright with licence Id. 4842450945854).
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co-workers prepared CuO/MoS, heterojunction nanoflowers
by employing the hydrothermal technique. Through XPS
results, they calculated band edges alignment of semiconductor
used in heterojunction formation with an energy gap presented
by CB (1.7 eV) and VB (0.6 eV) edges between Cu 2p,,, and
Mo 3d,/;. The synthesized staggered type-lI heterojunction
of CuO/MoS, nanocomposite exhibited enlarged surface area,
i.e., 23.5 m?/g and enhanced photocatalytic efficiency for MB
which was found to be 95.7% than bare MoS, (72.5%) after
visible light irradiation for 100 min (Li et al., 2015).

Apart from MB degradation, Rhodamine B (RhB), methyl
orange (MQO), Congo red (CR) dyes were also used to assess
the photodegradation efficiency of CuO heterojunctions. Zeng
et al. successfully prepared CuO nanofibres using Cu based
coordinated polymer nanofibres and calcined at distinct tem-
peratures (400 °C, 500 °C, 600 °C) by employing L-aspartic
acid and Cu(NOj3),-3H,0 precursors (Zeng et al., 2018). The
CuO nanofibres synthesized at 500 °C possessed excellent pho-
tocatalytic activity due to remarkably high photochemical sta-
bility and low mass transference limitation, which enable easy
accommodation of dye molecules to active sites. Holes are
mainly responsible for RhB dye degradation in the presence
of H,0, and degraded up to 96% in 160 min under visible-
light region. Furthermore, Shi et al. synthesized CuO/Co504
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nanowire heterojunction having well-controlled shape and size
in a thermal growth method using the air annealing pathway of
Co into CuO nanowire for phenol degradation (Shi and
Chopra, 2012). Phenol photodegradation was carried out
under UV or visible light irradiation in the presence of H,O,
by polycrystalline Co304shell on CuO nanowires that dis-
played 50-90% photodegradation efficiency. Photodegrada-
tion results observed with controlled morphology of distinct
samples resulting in 87% > 69.6% > 50.8% removal effi-
ciency for UV light with H,O,, Vis-light without H,O,, and
Vis-light irradiation with H,O, as presented in (Fig. 8a). From
(Fig. 8b), a thin shell of Co304 (~5.6 nm) was found better in
comparison to thick polycrystalline shell because of CuO
nanowire, which became photoactive. The lower bandgap
(2.0 eV) of CuO with the introduction of Co304 NPs possessed
better light absorption exhibiting enhanced EHP separation
and charges generation at the interface, giving 67.5% removal
efficiency in the absence of H,0,. Furthermore, Behzadifard
et al. reported SmFeO;/CuO, (where x = 5, 8, 10, and 20 wt
%) nano-heterostructure synthesized via a simple mixing-
calcination method (Behzadifard et al., 2018). Fabricated
SmFeO; and CuO(10 wt%)/SmFeO; nanoparticles were
spherical with an average grain size of 50 and 30 nm, respec-
tively. 0.15 g of SmFeO;/CuO(10 wt%) heterostructure
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(a) Photocatalytic degradation of RhB (8 mg/L) in aqueous mixture using H>O, (30 wt%) (pH = 5) with 0.15 mg of SmFeO;/

CuO(10 wt%) nanoheterostructure photocatalyst, (b) Time dependent UV-Vis absorption spectra for the RhB (8 mg/L) photocatalytic
degradation via 0.05 mL H>O, (pH = 5) with 0.15 g of the CuO(10 wt%)/SmFeO; catalyst, (c) Plots of -In(Cy/C) versus reaction time for
the photocatalytic degradation of RhB (8 mg/L) and (d) degradation efficiency of RhB (8 mg/L) using diverse H,O, (30 wt%) and pH = 5
with 0.15 g of CuO(10 wt%)/SmFeO; photocatalyst, respectively. (Reprinted with permission from Ref. Behzadifard et al. (2018) and

copyright with License Id. 4771850117484).
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(pH = 95) displayed 65% photodegradation of (8§ mg/L sam-
ple) RhB dye and got increased up to 100% when 0.05 mL
of H,O, were added in the reaction under similar reaction con-
ditions (Fig. 9a—d). Besides, SmFeO;/CuO(10 wt%) nanocom-
posite displayed 93 and 85% removal efficiency for 20 mg/L
RhB dye and phenol pollutants with 0.05 mL H,O,. Sherly
et al. successfully prepared ZnO, CuO, and ZnO/CuO hetero-
geneous structures, i.e., ZnCu, Zn,Cu, and ZnCu, via
microwave-assisted, one-step and simple technique, respec-
tively (Sherly et al., 2015). The fabricated ZnCu, Zn,Cu, and
ZnCu, heterostructures were synthesized with different ZnO:
CuO molar ratios of 1:1, 2:1, and 1:2 and possessed band
gap of 2.98, 2.91 and 2.89 eV, respectively. Among all these
samples, Zn,Cu nano-heterostructure achieved the best photo-
catalytic performance due to prolonged photoresponsive range
and enhanced charge carriers separation rate, confirmed by PL
analysis. The Zn,Cu nano-heterostructure revealed 82%
removal efficiency of 2, 4-dichlorophenol under optimum con-
ditions constituting 50 mg/100 mL of catalyst concentration at
pH 7 and 240 min irradiation time.

Similarly, bifunctional CuO/Fe;0, heterojunction was fab-
ricated by Sun et al. through a one-step coprecipitation
method utilizing ferric chloride, ferrous chloride, and copper
chloride as precursors (Sun et al., 2018). Synthesized CuO/
Fe;04 nanocomposite was used for the removal of p-
arsanilic acid (p-ASA) under visible light irradiation as well
as immediately released inorganic arsenic via adsorption from
the reaction solution. CuO/Fe;04 nanocomposite exhibited
100% photodegradation of p-arsanilic acid (p-ASA) by the
conversion of p-ASA to As (V) within 36 min. Converted As
(V) was adsorbed on CuO-Fe;O4 nanoparticles surface with
high efficiency i. e. above 95% at initial pH range from 4 to
7. It was also observed that degradation efficacy got increased
simultaneously with the addition of dissolved oxygen in aque-
ous media because molecular oxygen offers effective electron
scavenger, which suppressed charge carrier recombination
rates (Fig. 10a). Also, Fourier-transform infrared (FTIR)
and XPS spectrum results determined interactions between
arsenic and CuO/Fe;0,4 heterojunction before and after
adsorption. In (Fig. 10b), relative peaks of CuO/Fe;04 NPs
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Fig. 12 Schematic mechanism view of CuO/BiVO, heterostruc-
ture under visible-light region. (Reprinted with permission from
Ref. Ran et al. (2019) and copyright with License Id.
4771860722568).

displayed peaks at 1642, 1380, 1036, and 826 cm ™' indicated
adsorption of H,O molecule on heterojunction, stretching
vibrations of CO%~ and Fe-OH and As-O-Fe groups,
respectively. Fe 2p and As 3d core levels in between CuO/
Fe;O4 NPs and after adsorption were demonstrated in
(Fig. 10c). Binding peaks of Fe 2p;, and Fe 2p;, were
attained at 724.5 and 710.9 eV, respectively, while no changes
in peaks were observed after adsorption that indicated suffi-
cient stability in reaction. However, the binding peak of As
3d at 45.6 eV after adsorption revealed easy adsorption of
an arsenic product on CuO/Fe;O4 NPs for removal of p-
ASA (Fig. 10d). In the photodegradation mechanism of p-
ASA with arsenic, adsorption through CuO/Fe;O4 NPs might
happen first. After that, the para position of p-ASA was
attacked by "OH and "O; radicals to generate the arsenate,
arsenite, and aminophenol compounds. Then, the aminophe-
nol was degraded by the attack of radicals to transform into
hydroquinone and benzoquinone. These compounds were fur-
ther degraded to more straightforward groups (formic, maleic,
and formic acid), and under adequate oxidants and treatment
time conditions, above formed intermediates, were ultimately
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mineralized to NH,, CO,, and H,O. In such reaction condi-
tions, arsenite was oxidized to arsenate by free radicals, which
was effectively vanished from the adsorption process on CuO
and Fe;0, surface. Similarly, Belaissa et al. reported the degra-
dation of amoxicillin antibiotics by novel p-CuO/n-ZnO
heterojunction synthesized via the chemical route (Belaissa
et al., 2016). The best composition of ZnO/CuO (50:50 wt%)
nanocomposite revealed photodegradation > 90% in 4 h
under solar light irradiation with (9.95 x 10~3/min) rate con-
stant at pH ~ 11 due to enhanced charge separation and migra-
tion mechanism.

3.1.2. CuO based Type-II ternary heterostructure photocatalyst

Coupling of three different semiconductors to form ternary
photocatalyst has also achieved great attention in many
research fields due to efficient charge separation and bandgap
lowering, which lead to enhanced photocatalysis performance.
For instance, Ran and co-workers reported CuO/BiVOy4
heterostructure with 2.44 eV bandgap attached to cotton fab-
rics by polydopamine (PDA) templating and denoted as CuO/
BiVO4@cotton which was then used for MB degradation (Ran
etal., 2019). The synthesized CuO/BVO@cotton nanocompos-
ite possessed multiple applications in highly proficient visible-
light-driven photocatalysis, antibacterial activity, and UV pro-
tection. Cotton fabrics were utilized to immobilize CuO/BiVO,
nano-heterostructure and were found efficient in the removal
of MB dye due to its excellent recyclability and stability. The
nanocomposite displayed 97.7% MB removal efficiency in
200 min under visible light illumination, and after five recycla-
bilities, the removal efficiency was found to be 92.1%. UV-

Visible absorption spectrum confirmed strong absorbance of
CuO/BiVO,@cotton heterostructure in Vis-light irradiation
(Fig. 1la, b). The photocatalytic performance of CuO/
BiVO,@cotton heterostructure was determined by UV-vis
absorption showing the absorption peak of MB at 665 nm as
displayed in Fig. 11c, d, and decrease in absorbance of residual
MB solution were perceived clearly with the upsurge of visible-
light irradiation time. Mechanism of CuO/BiVO, heterostruc-
ture revealed the migration of electrons from CB (0.46 eV) of
CuO to CB (0.36 eV) of BiVO, while holes were transported
from VB (2.78 eV) of BiVO4 to VB (2.16 e¢V) of CuO which
diminished electron-hole pairs recombination. Correspond-
ingly, holes and electrons on the catalytic surface were
abducted by adsorbed "OH/H,0O and O, to yield "OH and
‘05, respectively (Fig. 12).

Kumaresan et al. prepared ZnO/CuO (ZC,, ZC,, and ZC5)
heterostructures with different concentrations of CuO, i.e.,
15.7, 31.4 , and 62.8 mg, respectively using zinc acetate dehy-
drate and NaOH as a precursor (Kumaresan et al., 2020). They
explored enhanced degradation efficiency of ZC; binary
nanocomposites having an optical band gap of 2.9 eV. Thus
they coupled ZC; binary nanocomposites with reduced gra-
phene oxide (rGO) via solid-state reaction technique. Different
samples of ZC3/rGO nanocomposites were prepared with the
addition of rGO with 5, 10, 15, and 20 mg concentration
and denoted as ZC;Gs, ZC;Gyy, ZC3G;s, and ZCsGyy.
FESEM results confirmed the morphology of synthesized
ZC, nano-heterostructure as nanorods (Fig. 13a), ZC, com-
posite of spherical shape (Fig. 13b), and ZC;, as well as
7C5Gys nano-heterostructure, depicted flower-like

i B
=500Tum

Fig. 13 FESEM images of binary composites (a) ZC, (b) ZC, (¢) ZC; and (d) ZC5G;s ternary nanocomposites. (Reprinted with
permission from Ref. Kumaresan et al. (2020) and copyright with License Id. 501547730).



Engineering nanostructures of CuO-based photocatalysts for water treatment

8439

morphology (Fig. 13c, d). The optical band gap of ZnO
nanoparticles (3.1 eV) was reduced to 2.8 eV in the fabricated
(ZnO/Cu0)/rGO (ZC3Gy5) ternary nanocomposites. Photolu-
minescence (PL) spectra subsequently showed that ZC3Gys
nano heterostructure efficiently promoted electrons and holes
separation, thus reducing charge carriers recombination rate
(Fig. 14a). Similarly, when the pH value of the RhB dye mix-
ture was increased to 11, degradation efficacy rate reached
99% in 20 min of irradiations, as shown in (Fig. 14b, c).
Similarly, Bai and co-workers prepared TiO, nanofibres/
ZnO, nanorods/CuO NPs ternary composite through several
stages, firstly TiO, via electrospinning, then hydrothermally
developed ZnO and finally deposition of CuO NPs (TZC)
(Bai et al., 2012). After solar light illumination of 40 min, acid
orange was degraded entirely by TiO, nanofiber/ZnO
nanorod/CuO nanoparticle (TZC) material (ensured increased
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Fig. 14

(d)

light absorptivity) whereas 63% and 44% of photodegradation
occurred by TiO,nanofiber/ZnO nanorod (TZ) and TiO,
nanofibres, respectively. Through XPS results in structural
properties and surface chemical configuration were deter-
mined, and +2 oxidation states of Ti, Zn, and Cu were con-
firmed in the form of TiO,, ZnO, and CuO, respectively, on
the surface of TZC material. The enlarged Brunauer Emmett
Teller (BET) surface areca was obtained as 124.8, 89.8, and
47.6 m?/g for TZC, TZ, and TiO, nanofibres, respectively at
77 K temperature. Consequently, due to the greater surface
area, TZC displayed enhanced photocatalytic performance
by generating more reactive sites for oxidation reaction and
augmented fast mass transference. Besides, other reports also
stated the fabrication of ZnO/CuO and Ag,O/ZnO/CuO nano
heterostructure to evaluate photocatalytic activity against acid
blue 92 degradations under the visible-light illumination
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(a) PL spectrum of ZnO, ZC; nanocomposite and ZC;Gs ternary nanocomposites, Effect of different concentration on RhB

dye degradation efficiency (b) (C,/C) versus time plot, (c) Ln (C,/C) versus time plot for ZC3Gs ternary nanocomposites and (d) recycle
test of ZC3G 5 ternary nanocomposites against RhB dye. (Reprinted with permission from Ref. Kumaresan et al. (2020) and copyright

with License Id. 501547730).
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(Salari and Sadeghinia, 2019). CuO/ZnO and Ag,O/ZnO/CuO
nanocomposites were fabricated from bimetallic Zn-Cu metal-
organic structures via temperature-programmed oxidation
method. BET surface area of Ag,0/ZnO/CuO (30.8 m?/g)
was higher than ZnO/CuO (26.6 m?/g) heterostructure, which
revealed enhanced adsorption properties. The fabricated tern-
ary nanocomposite exhibited increased photodegradation rate
(almost 100% at pH 6.5) with 0.153 min~" rates constant in
comparison to binary nanocomposite having a 0.087 min~!
rates constant.

Hence, we conclude that type-II heterostructure construc-
tion played a critical role in efficient electron-hole pair sepa-
ration and minimizing the possibility of photogenerated
charge carriers recombination; thereby, promoting the photo-
catalytic performance. However, sometimes band edges align-
ment or electron trapping (defects or impurity sites) causes
charge carriers recombination to some extent and lowered
charge separation efficacy. As a result, a modern advanced
approach, i.e. Z-scheme photocatalyst system, has attracted
attention to overcome the limitations of single-component
photocatalysts and heterostructures as well as satisfy those
requirements above.

3.2. Z-scheme heterojunction photocatalyst system

Z-scheme systems have been classified into three forms, i.e.,
traditional redox mediator Z-scheme photocatalytic system,
all-solid-state (ASS) Z-scheme photocatalytic system and
direct Z-scheme photocatalytic system, which have been dis-
cussed below:

(1) In traditional redox mediator Z-scheme photocatalytic
system, two PS are joined together with an electron
mediator such as Fe* " /Fe? ", 17/IO>", etc. causing elec-
tron transference from PS-I to PS-II. Furthermore, elec-
trons from CB of PS are attributed by electron acceptor
(A), and holes from VB of second PS are accommodated
by electron donor (D), resulting in more significant
redox potential participation in reduction and oxidation
reaction, respectively.

(i) In all-solid-state (ASS) Z-scheme photocatalytic system,
Z-scheme photocatalyst constructs contact by a trust-
worthy mediator (such as Ag, Au, etc.) at the interface
of two semiconductors.

(iii) Direct Z-scheme photocatalytic system possesses a direct
contact between two PS semiconductors without any
redox mediator and follows a shorter pathway for
migration of photogenerated electrons (Fig. 15).

3.2.1. Traditional electron mediator Z-scheme system

In traditional electron mediator Z-scheme photocatalytic sys-
tem, reversible redox mediators such as Fe* " /Fe?*, 1037 /1~
and NO3/NO; are primarily served as electron transport
chain. This Z-scheme system shows thermodynamically down-
hill reactions in most cases due to the occurrence of undesir-
able backward reactions. Also, redox mediators strongly
absorb visible light, reducing light absorptivity of semiconduc-
tor photocatalyst. Therefore, the Z-scheme system without
redox mediators and solid-state mediators are necessary to
develop for improved photocatalytic activity.

3.2.2. CuO based ASS Z-scheme heterojunction system

In this heterostructure system, it is necessary to maintain
ohmic contact between VB of PS-I and CB of PS-II rather than
the Schottky barrier by employing solid mediators (Ag, Au, Ir,
etc.) to inhibit EHP recombination. The use of these solid
mediators improves chemical stability in aqueous solutions
and reduces photocorrosion resistance phenomenon. Plenty
of studies have been reported on ASS Z-scheme photocatalytic
system for the last few years. Ma et al. reported Ag;PO4/CuO
heterostructure representing a combination of Vis-light photo-
catalyst (AgzPO,4 having bandgap 2.45 eV) and Fenton-like
CuO catalysis prepared using ion exchange and hydrothermal
technique by regulating the molar ratio of Ag;PO4to CuO
(Ma et al., 2017). Synthesized AgzPO,4/CuO heterostructure
performed as a proficient photocatalyst and degraded organic
pollutants in the presence of H,O,. FESEM images of
Ag;P0O,4/CuO heterostructure in different molar ratios of Ags-
PO, to CuO were depicted in (Fig. 16a—c). Here, NPs < 10 nm
were homogeneously introduced at polyhedrons surface indi-
cated that Ag™ marked variations in CuO microstructure by
the annihilation of interaction between CuO NPs. Ag;POy/
CuO heterostructure (1:1 M ratio) not only exhibited the best
photocatalytic activity (100% in 20 min) for RhB photodegra-
dation in the presence of H,O, with higher rate constant of
0.345 min~! but also exhibited strong stability even after five
runs of recyclability. The addition of different quenchers (ben-
zoquinone, tert-butanol, and EDTA-2Na) inhibited RhB
degradation and confirmed the generation of ‘O3, ‘OH, and
h™ reactive species during photocatalysis reaction (Fig. 16d).
Schematic mechanism of RhB degradation through Ag;PO,/
CuO heterostructure in the presence of H,O, was shown in
(Fig. 17a). It was clearly interpreted from the mechanism that
CB (—0.46 eV) electrons of CuO were suitably more negative
to lowered adsorbed O, into "O; species whereas VB
(1.1 eV) holes of CuO exhibited no oxidative capability to
degrade dye due to low oxidation potential. However,
Ag;PO,4/CuO heterostructure followed the Z-scheme photo-
catalysis pathway, where CB electrons of CuO reacted with
O, to give "O; radicals, which led to RhB degradation and
VB holes of AgzPO, directly oxidized RhB and revealed
increased electron-hole separation.

Similarly, Rukibuddin and co-workers prepared CuO/Ags-
AsO4/GO (graphene oxide) nanocomposite via electrostatic
employed self-assembled technique (Rakibuddin et al.,
2017). CuO/AgzAsO4/GO ternary composite with bandgap
1.41 eV and BET surface area 170 m?/g exhibited lower PL
emission intensity and greater separation efficacy of photoex-
cited charge carriers that indicated increased photodegrada-
tion activity. Under the vis-light region, phenol degradation
was 85% in 20 min using CuO/Ag;AsO4/GO nanocomposite
with 1.9 x 107! rate constant and was found to be highest
than CuO/Ag3AsO4 (52% in 20 min) and AgzAsO4/GO
(62% in 20 min) nanocomposite. Also, curcumin functionally
deposited CuO/Ag (c-C/Ag) nano heterostructure was proved
to be an excellent nanocomposite for MO degradation under
vis-light irradiation (Kumar et al., 2019a, 2019b). Here, cur-
cumin (multifunctional conjugated structural chain of 21 car-
bons) offered photosensitizer in solar cells and proved an
active photocatalyst in superoxide generation to yield
Vis-light photocatalysis activity. In comparison to bare
CuO, c-C/Ag composite (bandgap 1.5 eV) exhibited the best
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Fig. 15  Schematic mechanism growth of Z-scheme based photocatalysis: (a) traditional Z-scheme system, (b) ASS Z-scheme system and

(c) direct Z-scheme system.

photodegradation activity (almost 100% with 0.0157 s~! rates

constant) for MO photodegradation. According to bandgap
alignment, the proposed Z-scheme mechanism of the photo-
catalysis pathway, as illustrated in (Fig. 17b). Z-scheme
mechanism explored that the Ag group offered bridge for
electrons transference from CB of (0.56 ¢V) CuO to highest
occupied molecular orbital (HOMO) of curcumin, i.e.,
0.55 eV. Holes in VB (2.06 eV) of CuO, as well as electrons
at the lowest occupied molecular orbital (LUMO) of cur-
cumin i.e., —2.09 eV, remained as such to react with the pol-
lutant. Photoexcitation caused the accumulation of holes in
VB of CuO and electrons in LUMO of curcumin. These
remaining electrons and holes enhanced charge separation,
thus augmented photocatalytic degradation, whereas pho-
toexcited electrons in electrons in LUMO of curcumin reacted
with adsorbed O, to convert it into "O; species. TEM (trans-
mission electron microscopy) results confirmed that high
degradation efficiency was mainly due to the correct amount
of added Ag group (Fig. 18a—c).

Similarly, Xu et al. successfully synthesized ternary Ag/
CuO/ZnO heterojunction nanotubes via simple and low-
temperature chemical and photochemical deposition methods
(Xu et al., 2017). Ag/CuO/ZnO nanotubes possessed distinct
hollow shape and size of 1D ZnO nanotubes, which helped
to develop blocks for core-shell structural constructions

(Fig. 18d). Selected area electron diffraction (SAED) and
high-resolution TEM (HRTEM) analysis depicted Ag/CuO/
ZnO core-shell nanotubes where d-spacing of Ag plane (110)
at 0.14 nm, CuO plane (111) at 0.23 nm, ZnO plane (100)
at 0.28 nm were observed. ZnO nanotubes were acquired as
vertically self-assembled with Ag and CuO NPs at the outer
and inner surface, respectively (Fig. 18e, f). UV-Visible
absorption spectrum revealed ZnO nanorods only responded
to UV region (380 nm), whereas ZnO nanotubes extended to
the visible region resulting in more significant potential of
absorption, which enhanced EHP generation and degradation
capability (Fig. 18g). Furthermore, Ag/CuO/ZnO composite
nanotubes exhibit enlarged BET surface area (19.85 m?/g) in
comparison to Ag/CuO/ZnO nanorods (1.77 m?/g) and stabil-
ity in degradation efficiency remained constant after each cycle
whereas decreased from 46% to 5% after twenty recycles in
Ag/CuO/ZnO nanorods. In the photodegradation mechanism
of Ag/CuO/ZnO nanotubes, under visible light fall on CuO
photocatalyst, photoexcited electrons were transferred from
VB to CB leaving behind holes in VB. These excited electrons
then migrated to CB of ZnO (acted as photoelectronic accep-
tor), which further adsorbed by O, to obtain "O; species
whereas holes stimulated in an opposite path which oxidized
H,O into "OH species and reacted with organic pollutant to
yield CO, and H,O.
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Fig. 16 FESEM image of Ag;04/CuO composite with different AgzO,4 to CuO molar ratios of (a) 1:1, (b) 0.5:1, (c) 0.33:1 and (d) effect
of variant scavengers on photocatalysis activity of Ag;O,4/CuO composite with 100 mL of H,O,. (Reprinted with permission from Ref. Ma

et al. (2017) and copyright with License Id. 4771870019276).
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(a) Schematic mechanism growth of Ag;O,4/CuO heterostructure in presence of H,O, under Visible light region and (b) Z-

scheme mechanism of photocatalysis activity indulged in photodegradation of methyl orange. (Reprinted with permission from Ref. Ma
et al. (2017), Kumar et al. (2019a, 2019b) and copyright with License Id. 4771870019276, 4774840674530).

3.2.3. CuO based direct Z-scheme heterojunction system

Direct Z-scheme PS possesses feasible EHP stimulation than
type-1I heterostructure due to higher redox potential and elec-
tron transference from CB of one PS to VB of another PS,
which is due to electrostatic interaction between EHP. Ruan
et al. prepared ZnO/CuO heterostructure for acid orange 7

degradation by employing a microwave-assisted technique
using zinc acetate and cupric acetate as a precursor (Ruan
et al., 2020). In (Fig. 19a), acid orange 7 degradation was
depicted as 64.1%, 80.5%, 56.4% and 47.8% by using ZnO/
CuO(0.1) (3.22 eV bandgap), ZnO/CuO(2.0) (3.20 eV band-
gap) and ZnO/Cu0O(5.0) (3.23 eV bandgap) heterostructure
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Fig. 18 TEM image of curcumin functionalized CuO/Ag samples with distinct amount of alkaline curcumin i.e. (a) 1.95 x 107* M, (b)
1 x107* M, (c) 1 x 1073 M, (d) TEM image of Ag/CuO/ZnO nanotubes composites, (¢) HRTEM photos of areas introduced by red
circles in (d) in respect of inner and outer surfaces and (f) SAED pattern of nanocomposite mentioned in (d) and (g) UV—Visible spectrum
of pure ZnO nanotubes and nanorods, binary (CuO/ZnO) and ternary composite of Ag/CuO/ZnO nanotubes and nanorods. (Reprinted
with permission from Ref. Kumar et al. (2019a, 2019b), Xu et al. (2017) and copyright with License Id. 4774840674530 and Royal society

of chemistry).
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Fig. 19 (a) Degradation of acid orange 7 under solar light irradiation, (b) PL spectrum of ZnO and ZnO/CuO(2) and (c) EIS spectrum

of ZnO and ZnO/CuO(2). (Reprinted with permission from Ref. Ruan et al. (2020) and copyright with License Id. 4774850102079.

and bare ZnO, respectively which revealed highest photodegra-
dation efficiency by ZnO/CuO(2.0) nanocomposite. PL and
electrochemical impedance spectroscopy (EIS) results con-
firmed that ZnO/CuO (2.0) quenched excited emission and rel-
ative weaker intensity peak (475 nm) (Fig. 19b), as well as
lower semicircle arc displayed in (Fig. 19¢), indicated fast car-
riers simulation capability with a lowered rate of electron-hole
pair recombination. In the Z-scheme mechanism of ZnO/CuO
nanocomposite, photoexcited electrons stimulated from
(—=0.27 eV) CB of ZnO to (0.49 eV) VB of CuO leaving elec-

trons at CuO CB and holes at ZnO VB which further reacted
and lowered recombination at ZnO surface. Due to negative
CB potential (—0.92 eV) of CuO, photoexcited electrons
reduced adsorbed O, into "O5 species and simultaneously pos-
itive VB potential of ZnO (3.01 eV) oxidized H,O into "OH
species thereby increased photodegradation efficacy (Fig. 20).
Similarly, Catano et al. prepared ZnO/CuO nanocomposite
by electrochemical deposition method using Zn(NOj), and
CuSO, as precursors for photocatalytic mineralization of
methyl orange (Catano et al., 2018). By coupling of CuO



8444 P. Raizada et al.
a: Type-11 b: Z-scheme

E(eV vs. NHE) {:} {:} E(eV vs. NHE)
20 |

o, 1-20
-1.5 4-15
-1.0 -0
-0.5 05

o L Y R B
0
+0.5 +0.5
+1.0 +1.0
+15 +15
+2.0 +2.0
g RO ~  — 1
30 Hzo) | P
*OH
Zn0O Zn0O

Fig. 20  Z-scheme mechanism growth of ZnO/CuO composite under solar light irradiation. (Reprinted with permission from Ref. Ruan

et al. (2020) and copyright with License Id. 4774850102079).

(1.48 eV bandgap) with ZnO (3.22 eV bandgap), more number
of EHP were produced, and extension in light absorptivity
464.8 nm was observed. Thus, in the Z-scheme mechanism of
ZnO/CuO nanocomposite, photogenerated electrons migra-
tion occurred from CB (-0.24 ¢V) of ZnO to VB (1.02 eV) of
CuO due to more negative potential of ZnO CB. Since elec-
trons and holes remained in CB of CuO and VB of ZnO,
respectively; thus, holes at VB (2.98 eV) edge of ZnO partici-
pated in oxidation reaction by oxidizing methyl orange directly
into "OH species. Moreover, trapped electrons at CB (—0.46)
of CuO reduced adsorbed O, into "O3 species.

3.3. Doping with rare earth and transition metals

Doping of rare earth and transition metals elements in CuO
leads to narrowing in the bandgap, absorption in the visible
region gives higher optical activity that facilitates concentra-
tion of contaminants molecules at CuO surface, and enhances
light sensitivity of CuO NPs. Thus, to enhance charge carrier
transference, modification in CuO NPs is done by employing
a growth process, i.e., doping strategy, which helps in organic
pollutant photodegradation. Incorporation of dopants into
pure CuO nanostructure results in greater photodegradation
efficiency due to the following aspects:

. Improved electrical conduction
ii. Enlarged surface area

iii. High dopant concentration
efficacy

Temperature variations modify degradation capability
Strong recyclability

increases degradation
iv.
v.

The introduction of selective metal (doping of rare earth
and transition metals) into CuO NPs creates structural and
interstitial defects that changed crystallite size, electronic and
optical properties. For example, Shaghaghi and co-workers

fabricated Er-doped CuO NPs through thermal decomposition
of Cu (II) Salophen based complexes constituting nitro,
Bromo, and chloro functional groups as precursors with
0.2% Er*™" for the degradation of Reactive Black 5 dye (RB-
5) (Shaghaghi et al., 2020). UV-visible spectrum and PL
results depicted similar bandgap energy for both Er-doped
CuO and pure CuO, i.e., 3.60 eV. A significant decline in emis-
sion intensity (380—480 nm) was observed, which finally van-
ished after Er’" doping. Electron transmission from CB
(0.46 eV) of CuO to Er’™ species further reduced to Er** after
interaction with adsorbed O,, which was converted into "O5
species. Produced O reactive species further assisted in pho-
todegradation reaction, and the highest percentage of RB-5
dye degradation was attained using Er-doped CuO. Similarly,
the enlarged surface area of Er-doped CuO (24.585 m?/g) than
bare CuO (9.1841 m?/g) resulted in structural conversion from
nonporous to mesoporous. Devi et al. prepared Tb doped CuO
NPs with a 1.7 eV bandgap via the combustion method and
annealed at diverse temperature conditions using Cu (NO3);
-3H,O and Tb (NO3);-6H,O as precursors (Devi et al.,
2017). The synthesized Tb doped CuO nanoparticles were
employed for methylene blue (MB) degradation. DRS results
depicted asymmetrical absorption band because of electrons
migration to Cu®" group under visible range, while Tb
dopants in CuO caused surface defects due to blue shift in
the absorption region. BET surface area of Tb doped CuO
decreased from 27.793 m?/g to 15.597 m?/g for synthesized
photocatalysts at 600 °C temperature, which was mainly owed
to grain-like structure that lowered pore volume. Thus, pho-
todegradation efficiency of Tb doped CuO NPs was found to
be 91% and 94% when annealed at 600 and 800 °C in
120 min, respectively. However, the degradation efficiency
decreased from 92% to 84%, with the rise in temperature for
pure CuO under the same reaction conditions. Thus, tempera-
ture variation and type of dopant species led to a modification
in degrading capability. Rodney and his peer group prepared



Engineering nanostructures of CuO-based photocatalysts for water treatment 8445

La-doped CuO NPs employing a solution combustion method
using Cu(NO3),-3H,0 and La(NOs)3-6H,0 starting materials
in order to scrutinize their structural, morphological and opti-
cal possessions (Rodney et al., 2018). UV-visible spectrum
confirmed strong absorption for 3%, 2%, and 1% of La-
doped CuO at wavelength 662, 619, and 581 nm with relative
bandgap energy, i.e., 1.95, 2.01 and 2.07 eV, respectively.
However, increased dopants concentration showed a gradual
dip in the bandgap, which confirmed redshift in the bandgap.
This redshift was mainly attributed to the presence of La in
CuO NPs vacancies, which resulted in the generation of
dopants energy levels that enhanced optical activity. La-
doped CuO nanocomposite exhibited maximum removal effi-
ciency, i.e., 98% in 90 min for MB dye degradation in the pres-
ence of H,O».

Apart from rare earth metal ion doping, transition metal
ions dopants under visible region also displayed improved
photocatalytic performance. Vomacka et al. reported the con-
trolled morphological preparation of Sn doped CuO via solu-
tion technique at a lower temperature using CuSOy4-5H,0 and
SnCl,-2H,0 as a precursor (Vomacka et al., 2016). An increase
in dopant amount led to red-shift in absorption due to drop-
ping in bandgap from 1.33 to 1.18 eV. HR-SEM results
revealed different morphologies after Sn doping into bare
CuO (plate-like structure) with different constituents (0.1/0.2
5/0.50/0.75/1.0 g) of Sn, which transformed into a rectangular
quadric structure and finally to rod-like NPs. BET surface area
was increased with the rise in doping amount such as (0.1 g) Sn
doped CuO, (0.25 g) Sn doped CuO, (0.50 g) Sn doped CuO,
(0.75 g) Sn doped CuO and (1.0 g) Sn doped CuO exhibited
30 26, 27, 75 and 100 m?/g surface area, respectively compared
to bare CuO (36 m?/g). Also, UV-visible spectra confirmed
improved photodegradation of RhB (99% in 2 h) when Sn
(0.50 g) dopants concentration raised to 4% in (0.50 g) Sn
doped CuO sample with 0.025 min~! rates constant. Similarly,
Zn doped copper oxide (Zn-CuO) nanofibers were fabricated
by Sethuraman et al. employing the electrospinning technique
by utilizing zinc acetate and copper acetate precursors. Fur-
ther, synthesized Zn doped copper oxide (Zn-CuO) nanofibers
were annealed at different temperatures, i.e., 600, 500, and
400 °C, providing different band gaps of 1.98, 1.94 and
1.86 eV, respectively (Sethuraman et al., 2018). Zn doped
CuO (500 °C) revealed the highest photodegradation efficiency
for 10 ppm of MB degradation almost 100% in 180 min at
pH ~ 8 with 0.3319 min~"' rates constant.

3.4. Carbonaceous based CuO TMOs photocatalysis

CuO NPs, due to the lower bandgap (1.7 eV) increases the
probability of charge carrier recombination rate, which
decreases photocatalytic performance in degrading contami-
nants. To optimize this problem, variant carbonaceous materi-
als such as graphene, graphitic carbon nitride (g-C3N,), carbon
nanotubes (CNT), etc., have gained attention by reducing
EHP recombination rate and enhancing the surface area. Car-
bonaceous materials as catalysts also offer support for anchor-
ing metal oxides for pollutant adherence (Gautam et al., 2017).
Khusnun et al. prepared CuO/CNT photocatalyst by employ-
ing electrolysis synthesized technique for photocatalytic degra-
dation of p-chloroaniline (pCA) (Khusnun et al., 2018). TEM
results depicted tube-shaped CNT material and a dark-colored

area (20 nm) of CuO NPs while the white line portion men-
tioned with value 0.242 nm was for CuO (111) plane as well
as blackline portion with 0.4 nm was for CNT (002) plane
(Fig. 21a, b). FTIR results confirmed the adsorption of pCA
on the photocatalyst (CuO/CNT) surface through the absorp-
tion band (1257 cm™"), which was ascribed to the stretching
vibration of the C-N group assisting degradation activity.
Removal efficiency of 10 mg/L pCA using 50 wt% CuO/
CNT, 10 wt% CuO/CNT, CNT, 90 wt% CuO/CNT and
CuO photocatalyst at pH ~ 7 was observed to be 97.0%,
91.8%, 84.7%, 82.1%, and 75.5%, respectively. Thus, 50 wt
% CuO/CNT nanocomposite exhibited the highest number
of Cu-O-C bonds which enhanced degradation efficiency
(97% in 3 h) under visible region at 300 K. Furthermore,
Liang et al. reported the preparation of CuO nanosheet via
C;N, template technique using copper nitrate, sodium citrate,
and benzyl alcohol as chemicals for chlortetracycline degrada-
tion (Liang et al., 2017). Small CuO NPs were uniformly
arranged on C;N,4 nanosheets surface (2.75 eV bandgap), as
shown in (Fig. 2lc, d). Pt spurring on CuO nanosheet
increased absorption band edges up to 750 nm, thereby
enhanced EHP generation and more visible light absorption.
Similarly, reduced emission band from the PL spectrum con-
firmed effective EHP separation. The highest photodegrada-
tion efficacy for chlortetracycline degradation was achieved
with Pt/CuO nanosheet catalyst (almost 80% in 1 h) with
H,0,. Furthermore, Duan and his peer group discussed the
fabrication of CuO/g-C3N, nanosheet through the chemical
decomposition of melamine nitrate and copper nitrate with
NH4NO; (Duan, 2018). TEM and HR-TEM results depicted
thin nanosheet morphology of (1.0 wt%) CuO/g-C;Ny4
nanocomposite, where small copper NPs were identified on
the g-C5Ny surface and displayed characteristic d-spacing at
0.23 nm for CuO (111) plane. Enlarged surface area (25.97
m> g ') of (1.0 wt%) CuO/g-C3;N, photocatalyst with
1.84 eV bandgap and p-n heterostructure construction
revealed enhanced charge carrier separation and excellent pho-
todegradation efficacy (94% in 80 min) for the degradation of
salicylic acid even after five recyclabilities (Fig. 21e, f).

Wang et al. discussed the preparation of CuO/g-C3N4
nanocomposite with supramolecular based Cu-melamine
chemicals via a facile and straightforward synthesis method
for RhB degradation (Wang et al., 2015). TEM and HR-
TEM results of CuO/g-C3N,4 nanocomposite confirmed nanor-
ods shaped material with 0.158 and 0.324 nm d-spacing, which
corresponded to (202) and (002) of CuO and g-C3Ny, respec-
tively. CuO/g-C3N4 nanocomposite exhibited a higher BET
surface area, ie., 15.37 m%/g than bare g-C3;Ny (5.26 m%/g).
Maximum RhB degradation was shown by CuO/g-CsN, pho-
tocatalyst (94% in 20 min) at A > 400 nm with strong stability
after three recyclability tests whereas only 5 and 12% RhB
degradation was exhibited by CuO and g-C;Ny, respectively.
In the Z-scheme proposed mechanism of CuO/g-C3Ny4
nanocomposite, photogenerated electrons were transferred
from CB (—0.46 eV) of CuO (1.68 ¢V bandgap) to VB
(1.58 eV) of g-C3N4 (2.7 eV bandgap). The photogenerated
electrons at g-C3Ny surface further reacted with adsorbed oxy-
gen to give O3 species and thus played a significant role in
degradation reaction.

Darvishi et al. prepared CuO/graphene heterojunction. via
a microwave-irradiation reduction method for MB degrada-
tion using CuO and graphite oxide as chemicals (Darvishi
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Fig. 21
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TEM images of CuO/CNT photocatalyst (a) low magnified, (b) high magnified, (c) SEM image of CuO nanosheet, TEM images

of (d) Pt/CuO nanosheet, (¢) CuO(1.0)/g-C3N4 and (f) HR-TEM image of CuO(1.0)/g-C3N,. (Reprinted with permission from Ref.
Khusnun et al. (2018), Liang et al. (2017), Duan (2018) and copyright with License 1d. 4775150310916, 4775150310916, 4775141271177).

et al., 2017). Through the incorporation of graphene into CuO
nanostructure, absorption in the UV range got increased as
well as redshift in absorption towards higher wavelength was
observed while band gap energy decreased to ~1.3 eV from
~1.4 eV. Photocatalytic activity of CuO/graphene nanocom-
posite containing 30% of graphene (i.e., 3.051 x 1072 cm™'
exhibited 4.84 times higher of performance in MB degradation
(almost 84% in 1 h) than bare CuO (30% in 1 h). Similarly,
Arshad et al. prepared CuO/graphene by chemical reaction
using CuCl,-2H,O and NaOH as precursors (Arshad et al.,
2017). Here, graphene inclusion into CuO promoted pho-
todegradation efficiency without affecting inherent properties.
Graphene, due to its electrically conductive nature, increased
charge carrier separation and lowered the energy bandgap to
1.39 eV. When exposed to solar light illumination, CuQO/-
graphene nanocomposite displayed improved (99.44% degra-
dation in 80 min) MB photodegradation efficiency than pure
CuO (75% in 80 min) (see Table 1).

4. Current scenario and future aspects

4.1. Current scenario

The mineralization and photodegradation efficacy (technical
evaluation), as well as reaction economics (economic evalua-
tion), play a vital role in the selection of the particular type
of photocatalyst for a wide range of applications, including

heterogeneous photocatalysis. Overall, reaction conditions
can be improved by varying reaction parameters, which affects
overall treatment costs. The process parameters include the use
of non-toxic additives, altering pH conditions, and a low dose
of the catalyst by recyclability could achieve significant cost
reduction and environmentally friendly. To promote photo-
catalysis efficiency, photocatalyst should exhibit high surface
area, low charge recombination, and extended visible light
absorption. Moreover, distinct variant strategies can be
employed to enhance photocatalytic performance via doping,
heterostructures formation etc. Various earth-abundant pho-
tocatalyst, including metal sulfides (Lee and Wu, 2017) and
metal oxides (Kumaravel et al., 2019) have been widely inves-
tigated to enhance photocatalyst performance. However, they
exhibit limitations due to photocorrosive nature in comparison
to other supported photocatalyst used with CuO. Nonetheless,
most photocatalyst utilizes carbon materials (Fu et al., 2018),
non-metals and noble metals like Pd (Luna et al., 2017), Ru
(Ouyang et al., 2018), Ag (Qin et al., 2016), Rh (Shen et al.,
2013), Au (Ma et al., 2019), Ir (Xiao et al., 2017) and Pt
(Zhang et al., 2015) but less in commercial use due to their
inherent drawbacks of high cost and scarcity. Recently, suffi-
cient efforts have been made to replace noble metals with
earth-abundant materials due to their unique properties such
as chemical stability, low cost, and non-toxicity. Among vari-
ant semiconductor-based photocatalyst (metal oxides), CuO
has achieved great attention for photodegradation due to
low cost and successful degradation of non-biodegradable
and toxic compounds (Table 2).



Table 1 Summary of binary and ternary CuO based heterostructures for photocatalysis of pollutant degradation.

Heterostructure Synthetic method/Precursor Light source Band gap (V) pH  Targeted Reactive ~ Degradation efficiency (%)/time Ref.
pollutant/ oxidative
Degraded species
products

CuO/ZnO Deposition/Zn(CH3COO0),-2H,0 and Cu  Xe lamp 2.77 - Orange II dye ‘OH, 'O,  41.8%/300 min (Yu et al.,
(NO3),-2.5H,0 (A > 420 nm) (ZnO-3.14 (Zn0-9.8%) 2019)

CuO-1.70 eV)
Chitosan/ZnO/  Wet impregnation/Zn(CH;COO),-2H,0 100 W high — — Fast green dye ‘OH, 'O;  91.21%/110 min (Alzahrani,
CuO and CuSO,4-5H,0 pressure Hg lamp (Chitosan/ZnO-71.45%) 2018)
(A = 290450 nm)

TiO,/CuO Ultrasonic assisted sol-gel/Tetra-n 50 W LED lamp 1.5 4 Direct red 16 ‘OH, 'O,  100%/120 min (Zangeneh
butylorthotitanate and CuSO,4-5H,O (A > 405 nm) (TiO,-3.17) et al., 2020)

CuO/Li;BO; Pechini sol-gel/LiSO4-H,0, Cu 400 W Osram lamp  3.11 10 Acid violet 7 ‘OH, 'O;, 80%/150 min (Ranjeh et al.,
(NO3),-:3H,0 and ethylene glycol (A > 340-530 nm) (Li3BOs- 3.3) h* 2020)

CuO/Cu(OH), Co-precipitation/CuSO4-5H,0 and Vilber Lourmat 2.39 11 Reactive green ‘OH, 'O;, 98%/12 h (Saratale
liquid NHj3 Multilamp 19A/CO,, H,O h* et al., 2018)

(A = 365 nm)

TiO,/CuO Titanium isopropoxide (TTIP), 6 W UV lamp 2.53 6.5  Methyl orange, ‘OH 95%/210 min, (TiO,-87%) (Koohestani
CuS04-5H,0 and ascorbic acid (A = 462 nm) (Ti0,-2.95) cyanide/CO,, and
(C¢HgOg) H,0 Sadrnezhaad,

2016)

CuO/Cu,O Wet chemical/Cu,O octahedra, 300 W Xe lamp - - Methyl orange ‘OH,05;  90%/30 min (Jiang et al.,
polyvinylpyrrolidone (PVP) and (Cu,0- less than 10% 120 min) 2017)
ethylenediamine

CuO/TiO, Impregnation/Cu(NO3),-3H,0, nano 300 W Xenon arc  — - Methylene blue ‘O 99%/5h (Simamora
TiO, and NaCl lamp et al., 2012)

CuO/ZnO Hydrothermal/ZnO, trimethylamine, Sunlight - 3.93 Direct Blue 71 ‘OH 97% /180 min (Salehi et al.,
CuO and NaOH (ZnO-7%) 2017)

Graphene/CuO  Wet chemical/CuCl,-2H,0, graphene Sunlight (CuO-1.66 = Methylene blue ‘OH, 'Oz, 99.44%/80 min (Arshad et al.,
nanoplatelets and NaOH GNPs-1.39) h* 2017)

CuO/BiVO, Polyol-reduction/Bi(NO3),-5H,0, Cu 100 W Xe lamp 2.30 7 Bisphenol-A/ ‘OH,"CO3; 95%/5 min (Kanigaridou
(CH3COO), and ethylene glycol (A = 420 nm) CO,, H,O et al., 2017)

CuO/Co0304 Hydrothermal/cobaltous nitrate, 500Xe lamp = = Methylene blue ‘OH," O3 56%/180 min (Chen et al.,
ethylene glycol and urea (A = 325 nm) (Cu0O-40%) 2015)

CuO/Pb,03 Wet chemical/Copper nitrate, Lead 300 W Xe lamp 1.28 11 Rose bengal dye/ ‘OH,O5 99% /90 min (Kamaraj
chloride and ethanol (A > 420 nm) (Pb,03-3.0, CO,, H,O (Pb,03-30%, CuO-64%) et al., 2018)

CuO-1.15)

CuO/CuCr,04  Reflux condensation/Cu(NO;),-3H,0, 300 W Xe lamp 1.23 - Methyl orange ‘'OH,O0;  97.16%, 98.16% (Mageshwari
Cr(NO3),-9H,0 and ammonium (CuCr,04- and methylene et al., 2015)
hydroxide 1.40) blue

CuO/Cu,0O/Cu  Sonochemical combined thermal Blue LED lamp 1.42 6 Methylene blue ‘OH, ‘03, 91.91%/90 min (Mosleh et al.,
synthesis/Copper acetate monohydratye, h* (Cu/Cuy0-67%/120 min) 2018)
ammonia

Fe;04/CuO/ Low temperature hydrothermal/ 500 W Xe lamp 1.5 10 Methylene blue/  "OH, 'O5, 98.7%/150 min (Ding et al.,

rGO FeCls-6H,0, ethylene glycol and Cu (A > 420 nm) (Fe304@CuO- CO, h* (Fe304/RGO-27.6%, 2016)

(OAc), 1.87) CuO/RGO-45.7%)

(continued on next page)
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Table 1 (continued)
Heterostructure Synthetic method/Precursor Light source Band gap (V) pH  Targeted Reactive  Degradation efficiency (%)/time Ref.
pollutant/ oxidative
Degraded species
products
ZnAl LDH/g-  Calcination/Al(NO3),-9H,0, Zn 125 W UV lamp 3.10 6.5 phenol ‘OH, 'O,  85%/1h (Mureseanu
C3Ny/CuO NPs  (NOj3),-6H,0 and Cu(OAc),-H,O (A > 365 nm) (ZnAILDH/ (ZnAILDH/CuONP-63%), et al., 2017)
CuONP-2.50, ZnAILDH-5%)
g-C3Ny-
2.70 eV)
CuO/CuS/Cu Simple surface oxidation process/Cu 500 W (a xenon 1.63 = Methylene blue ‘OH 98.6% /40 min (Wu et al.,
mesh, (NH4),S,0g, NH; lamp (CuS-1.90, (Cu(OH),/Cu 90.8%, CuO/Cu- 2020)
CuO-1.40) 88.1%)
CuO-Fe;04 One-step coprecipitation/FeCl;-6H,0, 300 W Xe lamp 1.69 7.0 (p-arsanilic acid) "OH, ‘O,  100%/32 min (Sun et al.,
FeCl,-4H,0, CuCl,-2H,0 p-ASA/CO,, 2018)
H20
CuO/WO;/CdS Isoelectric point method/Cu 300 W xenon lamp CuO-1.76, 3.0 Methylene blue/ e, h" 87.11%/4h, (Wang et al.,
(NO3),-3H,0, NaOH, NaWO,-2H,0, WO0;-2.87, CO,, H,0 and (6.4-fold of CuO/CdS, 2.2-fold of 2019)
Na,S-9H,0 and CdCl,-2.5H,O CdS-2.33 inorganic ions CuO/WOj; and 1.7-fold of CdS/
WO;)
Ag;P0O,4/CuO In- situ precipitation method/Cu 125 W, a UV lamp AgzP04-2.45, - Phenol/CO,, ‘OH, 'O,  AgzP0O,/CuO catalyst exhibits 2-fold (Ma et al.,
(Ac),-H,0, AgNO;, PVP, CuO-1.7 H,O of CuO and 1.5-fold of AgsPO4on  2017)
NaH2P04»2H20, NazHPO4'12H20, the addition of H202
125 H,0,(30%), Na3PO,4-12H,0, and
Ethanol
g-C3N,/CuO Simple liquid phase synthesis process/ 300 W Xe lamp - - Rhodamine B ‘05 100%/S min (Hong et al.,

Melamine, H,O,, Cu(Ac),-H,O and
hexamethylenetermine (HMT)

with a UV filter,

(RhB)/CO,, H,0

(g-C5N,-28%
Cu0-30%)

2016)
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Table 2 Techno-economic analysis of CuO based photocatalyst.

Heterostructure Supportive Earth Magnetic Recyclability Visible/Solar Light active ~ Ref.
Photocatalyst photocatalyst abundant  separations photocatalyst
CuO/Fe;04 Fe;04 I 174 v 17 (Sun et al., 2018)
CuO/BiVO, BiVO, 1/ v X v (Kanigaridou
et al., 2017)
CuO/ZnO ZnO 4 v X v (Yu et al., 2019)
CuO/TiO, TiO, I X I 4 (Zangeneh et al.,
2020)
CuO/Cu,O Cu,O I~ X I 4 (Jiang et al.,
2017)
CuO/CuS CuS I 4 I 7 (Wu et al., 2020)
CuO/CdS CdS X X 4 v (Wang et al.,
2019)
CuO/Ag;PO,4 Ag;PO, X X 7 I (Ma et al., 2017)
CuO/Ag Ag X X X 17 (Yang et al.,
2014)
CuO/Ag Ag X X 17 17 (Chang and Guo,
2019)
CuO/CNT CNT X X X |7 (Khusnun et al.,
2018)
CuO/graphene graphene X X X X (Darvishi et al.,
2017)
CuO/g-C3Ny g-C3Ny [ X 7 17 (Ruan et al.,
2015)
CuO/g-C3Ny 2-C3Ny 7 X 17 7 (Hong et al.,
2016)
g-C3Ny/layer double g-C3Ny I~ 17 X 7 (Mureseanu
hydroxide (LDH) et al., 2017)

4.2. Future aspects

In this updated review, variant recognized strategies have been
systematically mentioned to obtain improved photocatalytic
activity of CuO TMOs. Several prominent applications based
on CuO heterojunction construction have been enlightened.
Although the tailored architecture of CuO nanocomposite
have achieved attention as discussed in this review, numerous
challenges and future aspects in new direction still needs to be
explored;

e CuO NPs exhibits distinct, well-defined morphologies
through several synthetic techniques, but the develop-
ment of mechanism insight responsible for CuO fabrica-
tion still needs to be investigated.

e Heterojunction formation provides recombination to a
certain extent induced by electron trapping (impurity
or defects sites) or emission (band to band) because of
inappropriate band edges alignment. Thus, the Z-
scheme based photocatalyst mechanism illuminated for
enhanced performances is still not elucidated.

e Solar light harvesting range must be extended from vis-
ible to the near-infrared region to obtain extensive
renewable solar energy for water and environment reme-
diation. This could be done using a composite formation
with bare CuO photocatalyst.

e First reports based on doping with rare earth and tran-
sition metals have been stated, but their use in a wide
range of applications hindered due to cost ineffective-
ness. Thus, the researcher must focus on advancements
of incorporating other metals and non-metal ions as
dopants for better photocatalysis activity.

e A hybrid composite of carbonaceous supported materi-
als with bare CuO for effective photocatalysis perfor-
mance has not been elucidated. More research progress
must be considered to obtain photo corrosion resistivity
in an aqueous mixture using CuO with a graphene layer.

5. Conclusions

In summary, it is envisaged that CuO nanostructure with tai-
lored architecture offered practical photocatalysis ability due
to efficient (0.46 eV) CB and (2.16 eV) VB potential more than
standard redox potential required for photodegradation. Stud-
ies to date have shown that bare CuO is less likely to achieve
sufficient efficiency and stability in photocatalysis. To enrich
photocatalytic performance, construction of heterogeneous
systems with other components (like CuO/CeQO,, CuO/MoS,,
CuO/Cu,0, ZnO/CuO/TiO,, ZnO/CuO/rGO etc.) could com-
bine advantages of distinct components to optimize the draw-
backs of single component CuO photocatalyst. A wide range
of heterostructure including binary, ternary, and Z-scheme
based heterojunction have been explored for enhanced photo-
catalyst by improving charge separation and transportation,
broad light absorption, increasing photocatalytic activity,
and prolonging functional life-time. Besides, Z-scheme based
nanocomposite formation of bare CuO with other metal oxides
(like ZnO) giving distinct morphologies to obtain enlarged
BET surface area and chemical stability in the degradation
process. Also, incorporation of rare earth and transition metal
ions as dopants into pure CuO creates interstitial and struc-
tural defects modifying the crystalline size, electronic and opti-
cal properties resulting in enhancement of carrier stimulation
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enhancing photodegradation of pollutants. Moreover, car-
bonaceous materials as catalysts offer support for anchoring
metal oxides for pollutant adherence. Hybrid composite of g-
C;Ny with metal oxides, i.e., p-n type heterojunction, leads
to enhanced charge carriers separation with strong stability
increases degradation efficiency. Therefore, up-to-date
research progresses in the photodegradation phenomenon
using several strategies that are systemically summarised.
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