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ABSTRACT

The issue of freshwater contamination is a global concern, prompting individuals to seek effective solutions for restoring polluted water environments. Organic
dyes are among the various pollutants contributing to this problem. Many of these dyes, commonly used in different industries, are toxic and carcinogenic, posing
significant risks to both humans and marine ecosystems. Consequently, the environmental impact of organic dyes has been a focal point of extensive research in
recent years. Heterogeneous photocatalysis has emerged as a highly effective method for breaking down atmospheric and aquatic organic contaminants, particularly
organic dyes. Among the photocatalysts, CuO nanostructures are noteworthy due to their abundance, cost-effectiveness, narrow bandgap, excellent chemical and
photochemical stability, and straightforward synthesis. The primary goal is to review the application of copper oxide photocatalysts in decontaminating various
organic dyes, with a focus on Methylene blue. The photocatalytic ability of CuO in degrading MB and other dyes is limited, but it improves significantly in the
presence of H,0,. Furthermore, CuO nanocrystals with greater exposure of facets {100} and {-121}, and shapes like nanoribbons, enhance their photocatalytic
efficiency against MB and other dyes. Additionally, doping CuO with other metallic oxides MxOy, metals M°, and supports such as Graphene, Bentonite, Cellulose
carbon nanosheets, and MgAl-layered double hydroxides can further enhance its photocatalytic performance. In many of these nanocomposites, the formation of

heterojunctions enhances charge separation of € and h+, leading to increased production of OH- radicals.

Keywords: Photocatalyst, CuO, Environmental remediation, solid state.

1. INTRODUCTION

Environmental pollution in water, air and land has been increasing in recent
times. Thus, wastewater treatment is a crucial step to avoid for not only its
potential consequences but also the shortage of clean and safe water and ensure
its sustainable utilization [1].

Wastewater treatment methods can usually be classified as physical, chemical,
biological, or a hybrid of these. While in the physical method, physical pollutants
of wastewater such as suspended solid particles and floating oil or foam are
removed by settling and skimming from the top surface, respectively, the
chemical method involves the obligatory addition of chemicals to act as
flocculants to originate precipitation of dissolved substances or as disinfecting
agents such as chlorine, ozone or chlorine dioxide to kill microorganisms. In the
biological treatment method, microorganisms are utilized to break down organic
pollutants from wastewater through normal cellular processes [2,3].
Conventional wastewater treatment approaches including adsorption on
activated carbons, chemical oxidation and reduction, chemical precipitation,
flocculation, flotation, and so on are costly and do not involve the destruction of
pollutant substances However, due to the complex nature of the wastewater
matrix, adequate decontamination of wastewater is difficult to achieve and in
practice, a combination of the mentioned methods is employed to get quality
water more economically [3].

Advanced oxidation processes (AOPs) [4] are wastewater treatment methods
in which the pollutants are removed by redox reactions of in situ generated
hydroxyl radicals. Such systems include the addition of ozone (O3), UV/O;,
UV/H,0,, UV/Oy/H,0,, Fe?*/H,0, (Fenton’s reagent), etc. The advantages of
these systems include fast reaction kinetics, small footprint in the treated water,
no formation of sludge and hence reduced cost of treatment, can proceed at mild
temperature and pressure conditions, can completely degrade pollutants under
appropriate conditions, are simpler to operate, and are easily integrable with
other treatment approaches. Nevertheless, the high cost of chemical utilization
needed to maintain the operation of the system is one of their main deficiencies

[4].

Heterogeneous photocatalysis is one of the AOPs [5,6] that can be defined as
radiation—assisted acceleration of the rate of chemical reactions in the presence
of semiconductor photocatalyst. Here, reactive radical species such as hydroxyl
radical (HO") and superoxide radical ion (‘O ?) are formed when photons of
incident radiation promote electrons from the valence band (VB) to the
conduction band (CB) of the semiconductor, leaving holes after in the VB and
then the VB holes and CB electrons oxidize and reduce water and dissolved
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oxygen gas, respectively. Once generated, these reactive radicals decompose the
pollutant into less harmful products.

As compared to conventional wastewater treatment techniques, heterogeneous
photocatalysis is a preferable option due to its advantages such as ease of
application, less costly as only a small amount of catalyst and sunlight may be
used to carry out the degradation reactions, which can proceed at ambient
conditions, environmentally friendly, and considers the elimination of pollutants
rather than transferring them from one phase to another as in the case of
adsorption [7, 8].

Among the various types of photocatalyst such as classical semiconductors
(CdS and others) bimetallic (CoFe,O4, (BiOX) and carbon nitride (g-CsN,)),
transition metal oxides are interesting photocatalyst because of their easier
synthesis and ability to form different metal-oxygen ratios, due to their half-filled
d orbitals that enable them to form different oxidation states, with varying
properties and catalytic pollutants removal performance.

CuO act as an interesting p-type semiconductor with a small and acute band
gap of 1.2 volt in macro [9,10]. Nanostructured CuO has a wide band gap range
depending on several factors such as size, morphology and exposed crystal
planes. Due to quantum confinement, effect the band gap value increases from
its bulk value. A band gap range of 1.2 eV to 3.5 eV CuO has been observed [9].

CuO nanostructures with various physicochemical properties have generally
been synthesized using physical methods such as mechanical ball milling and
laser ablation, a chemical method such as sol-gel, microemulsion, solvothermal,
etc., and biological methods using plant extracts [9-12]. These have been used in
diverse applications such as in magnetic storage media, high-temperature
superconductors, as an electrode in dye-sensitized solar cells, lithium-ion
batteries, and solid oxide fuel cells, in chemical and gas sensors, catalysis,
pharmacy in antitumor therapy, as an antimicrobial agent in food preservation,
biomedicine to prevent bacterial infection of biomedical devices, textile to
produce antibacterial textile fabrics, and in photocatalysis to decompose organic
pollutants from water or wastewater. CuO nanostructures are one among many
interesting photocatalysts utilized by researchers for the eradication of these
pollutants by virtue of their abundance, low cost, narrower bandgap, excellent
chemical and photochemical stability, and facile synthesis. Thus, several features
as low cost and easy availability of starting materials, excellent chemical and
photochemical stability, visible light activity owing to its narrow band gap, and
facile synthesis make CuO nanostructures exhibits interesting to researchers in
the photocatalytic eradication of pollutants from wastewater.
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In this regard, the main objective is to review, the use of copper oxide
photocatalyst as decontamination in various types of organic dyes, mainly
Methylene blue, although in a few cases examples of photodegradation of other
organic dyes have also been included. Aspects of synthesis, characterization and
properties of nanostructures CuO have been extensively discussed in a previous
Review [9] and will therefore not be covered in this Review.

2. Methylene Blue as Contaminant

Dyes are aromatic organic compounds that exhibit color by absorbing light in
the visible spectrum. There are approximately 100,000 commercial dyes reported
globally. These dyes are used to impart lasting color to various materials,
ensuring they withstand fading due to exposure to water, light, oxidizing agents,
sweat, and microbial activity [13]. Because of these beneficial properties, dyes
are employed across various industries, including textiles, food, rubber, printing,
cosmetics, medicine, plastics, concrete, and paper for diverse applications.
However, these industries produce significant amounts of wastewater that
contain toxic and carcinogenic dyes, leading to water pollution and rendering it
unsuitable for human use [14]. Of all these industries, the textile sector is the
largest consumer of dyes, utilizing complex textile dyes with varied structural
groups [15]. While some studies have explored the removal of Methylene Blue
(MB) through adsorption and bioremediation [16], only a few have focused on
the photoremediation of MB, mostly discussing the basic principles of MB dye
degradation using different photocatalysts.

Industrial dyes significantly contribute to making water unsuitable for
drinking. Methylene Blue (MB), in particular, is toxic, carcinogenic, and non-
biodegradable, posing a serious risk to human health and environmental safety.
MB is often discharged into natural water bodies, becoming a health hazard for
humans and other living organisms. Therefore, it is crucial to develop eco-
friendly and efficient methods for the removal of MB from wastewater.
Photodegradation is an advanced oxidation process commonly used to eliminate
MB, offering the benefit of fully mineralizing the dye into simple, non-toxic
substances while potentially reducing processing costs.

MB is an aromatic heterocyclic basic dye [13, 16] with a molecular weight of
319.85 g/mol. It is a well-known cationic and primary thiazine dye, represented
by the molecular formula Ci6H1sNsCIS, and has a maximum absorption
wavelength (Amax) Of 663 nm. Its biomedical applications and toxicity [13] have
been thoroughly discussed in other studies and will not be covered in this review.

The photocatalytic degradation of Methylene Blue involves its oxidation
through multiple oxidative steps, ultimately producing CO, and H,O as the final
products. Detailed discussions on the oxidative process of Methylene Blue using
photocatalysts have been previously presented [7,13].

3. Photocatalytic activity of CuO NPs for organic pollutants

CuO is a semiconductor characterized by a narrow bandgap, making it
responsive to the visible light region of the electromagnetic spectrum. This
feature is particularly advantageous because the predominant portion of sunlight
reaching the Earth's surface is in the visible range, which can trigger the
photocatalytic breakdown of organic pollutants. However, a significant
challenge is the high likelihood of the recombination of photogenerated electron-
hole pairs, which can diminish the effectiveness of photon-induced removal
processes.

Therefore, enhancing certain surface morphological properties through
advanced synthesis methods and fine-tuning experimental conditions is essential
to optimize the breakdown of organic contaminants in water and wastewater
treatment using CuO nanoparticles as photocatalysts. Key factors for industrial-
scale applications include the photocatalytic activity of CuO catalysts on organic
pollutants, the rate of photodegradation reactions, and the reactive species
involved in decomposition and the catalyst's ability to recover and reused.

4. Mechanism of photocatalytic decomposition of organic pollutants

Typically, the heterogeneous photocatalysis system utilizing semiconductor
materials is composed of a light-gathering antenna and multiple active species
that assist in breaking down pollutants [7,8,17-22]. The sequence of oxidative-
reductive chain reactions taking place on the photon-stimulated surface has been
widely suggested, as illustrated in Equations 1-9.
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Photocatalyst + hv - h* + ¢ 1)
h* +H,0 — <OH +H* )
h* + OH — «OH ®3)
h* + Pollutant — (Pollutant)+ (4)
g+ 0, — *0y (5)
«0; +H* — «00H ®)
2+00H — O, + H,0; U]
H,0; + O, — *OH +OH" + 0O, (8)
H,0, + hv — 2+OH 9)

Hence, the final reaction is:
Pollutant + (*OH, h*, *OOH or O;) — degradation products

When a semiconductor is exposed to incident light with energy exceeding the
band-gap energy (hv>Eg), an electron from the valence band (VB) is promoted
to the conduction band (CB), resulting in the creation of a photogenerated hole
(h*) in the VB. Consequently, these generated € /h* pairs can migrate to the
semiconductor's surface and engage in redox reactions, as described in Eq.1.

Radicals such as *OH are formed through equations Egs. 2, 3, 8, and 9, and
superoxide radicals (*O;") are produced via Eq. 5. The *OH radical serves as the
main oxidant in the photocatalytic breakdown of pollutants in aqueous solutions.
Typically, *OH radicals are generated through several pathways: (i) from H,O
Eq. 2 and OH™ Eq. 3, by the decomposition of H,O, with <O, Eq. 8, and through
light exposure Eg. 9. In a water environment, these radicals are promptly
oxidized by photogenerated h* to form *OH Eq.3 radicals; (ii) O, present in the
aqueous medium is reduced by photogenerated e to form *O, radicals, Eq.5,
which subsequently react with H* to produce *OOH radicals, Eq.6, whose further
decomposition yields H,O, Eq.7. Furthermore, H,O; interacts with *O,” Eq. 8,
and under irradiation Eq.9, resulting in *OH in each case.

In the context of CuO, its interaction with electromagnetic radiation possessing
energy (h,) equal to or exceeding the bandgap energy (Eg) of the semiconductor
catalyst excites electrons from the valence band (\VB) to the conduction band
(CB), leaving behind holes in the VB as shown in Eq. 10.

CuO + hv — CuO (e + h*) (10)

They then react with some species according to equations 2-5. So, in the case
of nanostructured CuO the general scheme of methylene blue degradation in the
absence of H,0, is shown in Figure 1.
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Figura 1. Schematic photo-activation of CuO photocatalyst and degradation
of methylene blue.
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Numerous studies have demonstrated that CuO shows low photocatalytic
effectiveness in the face of the degradation to methylene blue. However, this
activity significantly improves with the addition of H,0, [9,23,24]. For example,
Y.B. Hahn [24] reported a mere 10% degradation of methylene blue over 150
minutes using CuO nanostructures with flower-like shapes approximately 2.5 um
in size. Other research has similarly highlighted the weak catalytic activity of
CuO in methylene blue degradation when H,0, is absent. Miyauchi et al. [25]
confirmed that CuO, without H,0O,, is not an effective photocatalyst for breaking
down organic pollutants, due to its limited ability to generate sufficient *OH
radicals, which possess high oxidative power and are capable of causing
significant oxidation of organic dyes like MB. This behavior is linked to the fact
that the valence bands (\VBs) of CuO (Figure 2) are more negative than the redox
potential required for the formation of *OH radicals [25].

In addition to the presence or absence of H,0, and the more negative potential
than that required for the formation of eOH radicals, other factors for the
photodegradation efficiency of methylene blue, such as the morphology of CuO
nanoparticles also plays a vital role. For instance, Yang and He [23] used a
hydrothermal method to create CuO nanoparticles with different shapes such as
flower-, boat, plate-, and ellipsoid-like forms, which were employed to degrade
methylene blue both with and without H,0,, see figure 3. Their findings revealed
that after 15 hours of light exposure, there was essentially no photocatalytic
activity observed in methylene blue degradation, as illustrated in a summary
graph of their results. This graph suggests that the photocatalytic efficiency order
for methylene blue degradation in the presence of H,0O; is as follows: plate-like
> hoat-like > flower-like > ellipsoid-like.
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Figure 2. Diagram depicting the redox potentials of VB and CB as well as the
bandgap energies for various MOs estimated at pH 7. The redox potential
positions of H*/H, and *OH /OH" at pH 7 are also illustrated Adapted from [25].
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Figure 3. Time profiles of MB degradation: (a) MB + plate-like CuO (b) MB
+ H,0; (c) MB + H,0, + flower-like CuO (d) MB + H,0, + boat-like CuO. (e)
MB + H,0, + plate-like CuO (f) MB + H,0, + ellipsoid-like CuO (g) MB + H,0,
+ commercial CuO. Error bars were made from three repeated trials. Adapted
from ref [23].
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As already briefly mentioned above the degradation of methylene blue using
CuO in the presence of H,O, improves the photocatalytic efficiency. That's how
it is numerous studies have highlighted the crucial role that H,O, plays in both
the efficiency and rate of organic dye degradation. The process of photocatalytic
degradation of dyes using CuO in the presence of H,O, under light irradiation is
believed to follow a specific mechanism [9], as depicted in Figure 4. When the
CuO photocatalyst absorbs a photon with energy equal to or greater than the
bandgap energy (Eg), electrons (e) in the valence band (VB) can be excited to
the conduction band (CB), while an equal number of holes (h*) are
simultaneously generated in the VB. These e and h* pairs can be captured by
H,0, molecules, resulting in the formation of oxidants (*OH, *OOH, and *Oy).

These oxidant species readily react with dye (R) or other organic compounds,
leading to the production of a wide array of intermediates. These intermediates,
which include radicals and radical cations, undergo further reactions to achieve
complete mineralization, resulting in the formation of CO,, H,O, or other
inorganic ions, as illustrated in Figure 4.
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Figure 4. Schematic illustration of photo-induced formation of electron hole
pairs in a semiconductor CuO with H,0O, in the presence of water pollutant.
Adapted from ref [9].

Several key factors influence the photocatalytic efficiency in breaking down
methylene blue and similar dye contaminants using CuO, particularly the
orientation of certain preferred planes that are optimally exposed in these
nanostructures. Two studies focusing on the degradation of rhodamine B (RhB)
with CuO as a photocatalyst have highlighted the significance of preferential
exposure of specific crystalline planes within the CuO structure. In one study, Su
et al. [26] synthesized nanowires and nanoleaves via a simple solution-phase
method, utilizing PEG200 as a growth-directing agent. When comparing the
photodegradation of RhB by CuO nanowires and nanoleaves to that by
commercial nanopowders, it was found that the synthesized ultralong CuO
polycrystalline nanowire bundles exhibited superior photocatalytic activity,
achieving 87% decomposition of rhodamine B after an 8-hour reaction see figure
5. This was significantly higher than the decomposition rates of single-crystal
nanoleaves (61%) and commercial nanopowders (32%). This hierarchy in
photocatalytic effectiveness was linked to the (002) crystallographic surface of
the nanowire bundles, which appeared to be more conducive to the photocatalytic
breakdown of organic dyes. This finding directly suggests that a higher
[002]/[200] plane ratio correlates with enhanced photocatalytic performance. As
illustrated in Figure 6, the plane ratio increases in the order of 0.75, 1.37, and
1.84 for CuO in commercial powders, nanoleaves, and nanowire bundles,
respectively, aligning with the crystallographic direction ratio and indicating that
the better the crystallographic orientation, the more effective the CuO catalysts
are in photocatalysis [26].
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Figure 5. Photodecomposition activity of the catalysts with or without the
catalysts. (a) Without the CuO nanostructures, (b) the nanoseeds, (c) shuttle-like
nanostructures, (d) shrimp-like structures, (e) nanoflowers constructed by
nanorods, (f) nanosheets obtained with 2 ml PEG200 under OH/Cu?* = 6, (g)
nanoleaves obtained with 1 ml PEG200 under OH/Cu?* = 4, (h) nanoflowers
obtained with 2 ml PEG200 under OH/Cu? = 3, and (i) nanoribbons obtained
with 3 ml PEG200 under OH/Cu? = 3. Adapted from ref [26].

100

804

60

40-

Photocatalytic activity (%)
N

20 : : : : :
05 1.0 15 2.0
[002]/[200]

Figure 6. Relationship between the photocatalytic degradation activity of RhB
vs the [0 0 2]/[2 0 0] ratio for commercial powders (1), the nanoleaves (2) and
nanowire bundles (3). Adapted from ref [26].

Regarding the factors influencing the photocatalytic efficiency of
photocatalysts in breaking down organic dye pollutants, we have previously
outlined the overarching relationship [7]:

PE = a band gap + b particle morphology + ¢ particle size + d (12)
crystalline phase + e pyrolysis temperature.

For each scenario involving photocatalytic catalysts, it is essential to identify
which parameters, namely a through e, hold the greatest significance.
Specifically regarding CuO nanoparticles, an additional parameter, f, must be
considered. This parameter pertains to the crystalline plane that possesses a
higher surface energy, thereby modifying the expression to include:

PE = a band gap + b particle morphology + ¢ particle size + d (12)
crystalline phase + e pyrolysis temperature + f crystalline plane
having a higher surface energy.
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In the case of CuO functioning as a photocatalyst against blue methylene or
rhodamine B, the key factors contributing to its catalytic effectiveness are a, b,
and f. These factors include the band gap, particle morphology, and the
crystalline plane with higher surface energy. Other elements, such as c, d, and e,
which are particle size, crystalline phase, and pyrolysis temperature,
respectively, are not as significant for CuO's photocatalytic performance.
However, when considering the photocatalytic activity of other catalysts like
TiO; in the photodegradation of methylene blue, the primary influential factors
areb, d, and e [7].

As previously mentioned a major limitation of CuO as a photocatalyst is the
high rate of electron hole (e/h*) pair recombination. This is due to the conduction
band (CB) edge potential being more positive than the hydrogen redox potential,
as illustrated in figure 2. This limitation results in diminished catalytic
performance. To address this, CuO's catalytic activity has been improved by
doping with other elements or coupling with different semiconductors. These
modifications enhance features such as surface area and adsorption capacity, as
well as improve the mobility and separation of charge carriers.

Numerous studies have extensively examined for M/CuO and M"xO'y/CuO
systems, observing increased photocatalytic efficiency of CuO when doped with
a metal M or another semiconductor M"xO"y. This improvement is attributed to
the reduced recombination rate of efh* pairs. Additionally, there exists an optimal
level of dopant content where CuO achieves maximum photocatalytic efficiency.
One of the more extensively researched doped systems is CuO with ZnO.
Vargas-Hernandez [27] conducted studies on Cu/ZnO catalysts with varying
amounts of copper (2.5, 5, and 7.5 wt%). Findings reveal that the xCu/ZnO
catalysts were significantly more effective in degrading methylene blue
compared to zinc oxide alone. Specifically, the 5Cu/ZnO catalyst demonstrated
superior activity, achieving 99% degradation of MB dye at 45°C within 15
minutes. This is due to its better dispersion of CuO in ZnO and a higher
concentration of hydroxyl groups on the surface compared to other catalysts, as
depicted in Figure 7.
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Figure 7. Photodegradation of methylene blue solutions in absence and
presence of catalysts under UV irradiation at different CuO loading. Adapted
from [27].

In a different study, Anandan and colleagues [28] prepared CuO/ZnO utilizing
an aqueous solution of CuSQO,-5H,0 through the wet impregnation technique
with ZnO that had been previously calcined. The photoconductor, exhibiting a
band gap of 2.9 eV for the coupled semiconductor CuO-ZnO and 3.2 eV for pure
ZnO, was evaluated for the degradation of the dye Acid Red 88, with the findings
presented in Figure 8.
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5 blue. Their findings indicate that the CuO/ZnO (10%) composite exhibited the
' —_— highest efficiency in the photodegradation of methylene blue, as illustrated in
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Figure 8. Comparison of photocatalyzed decolonization rate (1 h) and
percentage of mineralization (7 h) of Acid Red 88 in the presence and absence
of oxidants. Concentrations are maintained as follows: AR88 (5 x 10°° M), PMS
(0.5 mM), PDS (0.5 mM), H,0, (0.5 mM), CuO-ZnO (1.4 g L-1). (PMS
(peroxomonosulphate), PDS (peroxodisulfate), and H,O,. Adapted from ref [28].

In the experiment conducted at 1-hour and 7-hour intervals, the highest values
of first-order rate constants were observed for the CuO-ZnO and electron
acceptor (PMS). Additionally, nearly complete mineralization of Acid Red 88
was achieved with the CuO-ZnO and electron acceptor (PMS). Additionally,
nearly complete mineralization of Acid Red 88 was achieved with the CuO-ZnO
and electron acceptor (PMS) using the same photocatalyst under identical
conditions and at both time points. Conversely, Boonyuen et al. [29] investigated
how varying the composition of ZnO in the CuO/ZnO heterojunction at levels of
5%, 10%, and 20% influences its photocatalytic ability to degrade methylene

Figure 9. (a) Photocatalytic degradation and, (b) Pseudo-first order kinetic
plots of MB over the presence of (a) CuO, (b)ZnO, ZnO/CuO (5%), ZnO/CuO
(10%) and ZnO/CuO (20%).[Adapted from ref [29]].

For all the composites of CuO/ZnO with concentrations of 5%, 10%, and 20%,
the degradation process adheres to first-order kinetics, as illustrated in Figure 9b.
To provide a comparative analysis, Table 1 presents the maximum efficiency
values for the photocatalytic degradation of methylene blue within the ZnO/CuO
heterojunction system, alongside other heterojunction systems documented in the
literature. From Table 1, it is evident that the CuO/ZnO heterojunction systems
exhibit the highest photocatalytic degradation efficiency, consistently surpassing
93%. Moreover, the ZnO-doped CuO photocatalyst requires the lowest
photocatalyst concentrations, ranging from 10 mg to 50 mg, to achieve these
elevated levels of degradation performance, as shown in the table 1.

Table 1 Comparison of MB degradation using CuO/ZnO and other different photocatalysts Adapted from [29].

S. No Material Catalysts amount (mg) [MB] (ppm) Time Efficiency [%]
1 g-C3N,4/Zn0 (75%) 100 MB-10 120 91
2 XC/Zn0/g-C3N, 0.25 100 4-chlorophenol-10 300 74
3 Cu0-Zn0O 25 102 M 120 95.6
4 Cry04/Zn0 25 10 ppm (125 mL) 90 85
5 Zn0/Cu0 40 20p pm 60 93
6 CuO-Zn0O 50 15 ppm (100 mL) 120 93.66
7 Cu0-Zn0 10 10 ppm (40 mL) 150 98.5
ref. 29
Besides the heterojunction ZnO doped CuO nanocomposite, several other
MxO doped CuO systems have been documented. Anantharajub et al. [30] 0.025 0.02274
discussed the breakdown of Indigo carmine dye utilizing a ZrO, doped CuO ]
system. The ZrO,/CuO (2:1) composite they synthesized demonstrated 0.020 F 0.01935

remarkable photocatalytic efficiency in degrading various dyes when exposed to
sunlight. Specifically, Indigo carmine dye was selected to assess the
photocatalytic capability of the material under sunlight illumination. The results
revealed that the ZrO,:CuO (2:1) composite exhibited an improved
photocatalytic activity of 97%, which was 3.3 times, 2.4 times, and 1.5 times
greater than that of pure ZrO,, CuO, and commercial P25, respectively.

In a separate study, AlAbdulaal, Abdel-wahab, Mohd. Shkir et al. [31]
developed a series of Nb,O3 (1%, 2.5%, 5%, 7.5%, 10%)/CuO composites and
investigated their photocatalytic degradation of methylene blue. The 7.5% Nd,O3
doped CuO nanoparticles demonstrated optimal photocatalytic performance,
achieving 90.8% degradation within 80 minutes, with a degradation rate of
0.02274 min™* for methylene blue see figure 10. By contrast, CuO alone showed
a photocatalytic efficiency of 87% within the same time frame, with a
degradation rate of 0.01683 mint for methylene blue. The methylene blue
degradation results followed first-order kinetics.

The rate constant, which indicates the catalytic efficiency in methylene blue
degradation through photocatalysis, depends on the concentration of H,0, as
illustrated in figure 11.
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Figure 10. Rate constant values of MB dye photodegradation reaction in the
presence of pure CuO and Nd,O; doped CuO NPs with different concentrations
of Nd,Os. Adapted from [31].
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As found in other studies, the concentration of H,0O, is necessary for efficient
degradation of methylene blue and sometimes depends on its concentration as
shown in Figure 11.
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Figure 11. The k versus H,O, concentration of MB dye by 0.1 g of 7.5% Nd,03
doped CuO NPs under visible irradiation. Adapted from ref. [31].

Zhu additionally developed [32] CuO/Cos;0, heterojunctions and explored
their photocatalytic abilities concerning the degradation of methylene blue. The
photocatalytic findings reveal that the CuO/CosO, coaxial heterostructure
demonstrates superior photodegradation activity for methylene blue when
compared to standalone CuO nanorod arrays, particularly under full-spectrum
solar light exposure. After 180 minutes of irradiation, the CuO/Co30, coaxial
heterostructure achieve approximately a 56% reduction in the original organic
MB dye, while the degradation rate with CuO alone is around 40%.

The improved photocatalytic efficiency of the CuO/Co3zO, composite is
primarily attributed to the separation of electron and hole (e /h*) charges, leading
to a synergistic and coupling effect between the two semiconductors. The
conduction band (CB) and valence band (\VVB) potentials of Co30, and CuO have
been determined based on prior studies [32]. Semiconductors can utilize
irradiation light corresponding to the band gap to excite valence band electrons
to the conduction band, thereby creating a hole in the valence band. Compared
to CuO, the CuO/Co30, heterostructures exhibit a stronger capacity for light
absorption. Consequently, the recombination of electron-hole pairs is reduced,
enhancing the photocatalytic properties. The holes transferred to cobalt oxides
are captured by H,O and OH", leading to the formation of -OH and OH™ species.
Based on this discussion, the proposed mechanisms, expressed in formula form,
are as follows:

CuO/C0304 + hv— CuO/Co304 (€CB™+ h*VB) (13)
CUO/C0304 (2CB ) + O, — Cu0/C030; + *0z~ (14)
0, + H" — H,0, + *OH (15)
CuO/Co30;4 (h*VB ) + H,0 — CuO/Co304 + *OH (16)
*OH + MB — Oxidized products a7
Due to their stability and ease of recycling, CuO/CosO, coaxial

heterostructures hold significant promises for practical use in water purification.
Another method to enhance the photocatalytic capabilities of CuO involves
doping it with M metals.

This approach typically results in the M/CuO composite demonstrating an
improvement in the photocatalytic efficiency of CuO. Dhayal Raj et al. [33] have
investigated the photocatalytic properties of CuO when doped with Ni, Zn, and
Fe against methylene blue. The findings for these M-doped M/CuO
nanocomposites are presented in Figure 12.
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Figure 12. Degradation efficiency obtained by nanocomposites M/CuO M =
Ni, Zn and Fe. Adapted from ref. 33.

The authors do not provide a reason for the enhanced photocatalytic efficiency
observed in the Zn-doped photocatalyst; however, it may be attributed to its more
porous structure when compared to other metal-doped photocatalysts.
Additionally, the band gap and particle sizes of the nanocomposite series are
consistent: the band gap is 2.26 eV for Ni-doped, and 2.12 eV and 2.15 eV for
Zn and Fe-doped samples, respectively. The particle sizes for CuO doped with
nickel, zinc, and ferric were recorded as 16.24 nm, 23.35 nm, and 24.98 nm,
respectively. Thus, according to equation 12, it is probable that morphology is
the key factor affecting the photocatalytic efficiency of these nanocomposites.
Conversely, the d factor in equation 12, which pertains to the crystalline phase,
and based on XRD analysis, indicates that all three nanocomposites exhibit a
monoclinic structure in the doped copper oxide samples. Moreover, the higher
intensity peaks along the (002) and (—111) planes suggest that more crystallites
are aligned along these planes in all M/CuO (M= Ni, Zn, and Fe) photocatalysts.
Consequently, the crystalline plane factor f, being constant in equation 12, does
not contribute to the increased photocatalytic efficiency observed in Zn/CuO.

In a separate study, Chaudhari et al. [34] examined methylene blue degradation
using Ce-doped CuO nanocomposite as a photocatalyst. Photocatalytic
experiments employing these synthesized nanocomposites for the degradation of
Methylene Blue (MB) dye showed that Ce3" doped CuO nanocomposites had
superior photodegradation abilities compared to undoped CuO. The highest
photodegradation rate was achieved with 3.0 mol% Ce* doped CuO, which
demonstrated 98% degradation within 180 minutes under sunlight exposure.
Figure 13 illustrates the graphs depicting the efficiency of methylene blue
degradation over time for various nanocomposites: CuO/% 0.5, % 1.0, % 1.5, %
1.0, and % 5.0. The study does not explore the possible reasons behind the
superior photocatalytic efficiency observed in the 3.0 mol% Ce* doped CuO
nanocomposite.

wWithout cata =1
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Undoped CuQ

0.8+ 5.0 mol.% Ce-CuD
- 0.5 mol.% Ce-CuO
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%
5 0.4
=

0.241.0 mol.% Ce-Cul
1.5 mol.% Ce-Cu0
0.04 3.0 mol.% Ce-Cul
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Sunlight exposure time (mins)

Figure 13. Extents of MB dye degradation in presence of different as
synthesized catalysts under sunlight irradiation. Adapted from ref 34.
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In a separate investigation, Shujah et al [35] explored the process of
photocatalytic degradation of methylene blue using Ag/CuO. The band gap
energies measured for Ag, CuO, and Ag/CuO were 2.8 eV, 2.5eV, and 1.7 eV,
respectively. The reduced band gap energy observed in Ag/CuO could be
attributed to their collaborative effect. Various Ag/CuO nanocomposites with
different Ag proportions were examined, with the 2.7 mol % Ag nanocomposite
proving to be the most efficient, achieving a 97% degradation of MB in an
aqueous solution. This high photocatalytic efficiency is likely due to the
synergistic interaction between Ag and CuO, which is enhanced by the unique
hollow hierarchical structure that promotes effective charge transport and
separation during the reaction, thereby enhancing photocatalytic performance.

The efficiency recorded for this Ag-doped CuO photocatalyst surpasses that of
other similar Ag/CuO studies, as indicated in the table. A comparison with other
doped CuO composites is also provided, showing that these alternatives have a
lower photocatalytic efficiency for methylene blue degradation compared to the
Ag/CuO examined in this research.

Table 2: Comparative studies of photodegradation performance of Ag—CuO
nanomaterials. Adapted from ref. [35].

Catalyst pH | Irradiation time (min) | % Degradation
Ag—CuO 9 70 92

CuO 9 120 63.44

Ag—CuO 9 60 94.43

CuO 10 50 90.54
6Ni-4Cr/TiO 9 90 95.60

CuO-Tis, 10 180 83.18
CuCr204/Cu0O 10 35 90.00

Ag—CuO 9 80 97

s "

1 ref. 35.

In a separate study, Uthrakumara et al. [36] examined the Fe-doped CuO
nanocomposite, Fe/CuQ, in relation to the degradation of methylene blue. Their
photocatalytic analysis revealed that both pure and Fe-doped CuO nanoparticles
possess remarkable photocatalytic capabilities. Following 140 minutes of
exposure to visible light, the synthesized nanostructures demonstrated significant
photocatalytic effectiveness in breaking down the MB dye, achieving a
degradation rate of approximately 84%. As depicted in the figure 14, the
photocatalytic efficiency of these structures surpasses that of CuO alone.

1.0 1

0.8

0.24

—o— Without Catalyst
—a= Cuo Nanoparticles
00d = CuO doped Fe Nanoparticles

T T T T

T T T T
0 20 40 60 B0 100 120 140 160
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Figure 14. Absorption, photolysis, and sunlight photocatalytic activity of pure
CuO and Fe doped nanoparticles. Adapted from fig [36].

The mechanism of photodegradation involving Fe-doped CuO is depicted in
Figure 15. This photocatalytic process hinges on the activation of CuO along
with Fe-doped nanoparticles under visible light, which leads to the formation of
free radicals such as OH- and O? species. This occurs due to the production of
electrons () and holes (h*) when light interacts with the photocatalyst. These
radical species then react with methylene blue or other dye pollutants, resulting
in their breakdown.

J. Chil. Chem. Soc., 71, N°1 (2026)

The enhanced photocatalytic performance is credited to the synergistic effect
of exciton electron/hole pair recombination, crystalline, and the active surface
area of the material. This process can also be applied to the degradation of
pollutants and other environmentally related uses. Additionally, Riaz and Sun
[37] investigated the photocatalytic degradation of methylene blue using CuO
doped with Mo. CuO samples doped with 1-5 wt. % Mo was analyzed, which
were labeled as MoCu-1, MoCu-2, MoCu-3, MoCu-4, and MoCu-5.

\\\’.‘....

B
QD

o \f

Figure 15. Diagram for photocatalytic degradation mechanism of pure CuO
and Fe doped nanoparticles. Adapted from [15].

Furthermore, in Figure 16, a comparison is illustrated of the photocatalytic
effectiveness of various photocatalysts when exposed to visible light. The
unaltered CuO nanomaterial displayed minimal effectiveness under visible light
exposure. However, when CuO was doped with molybdenum, the photocatalytic
performance of the materials improved considerably. Among them, the MoCu-4
sample exhibited the highest effectiveness, achieving a 90% reduction in MB
after 120 minutes of exposure. The CuO doped with 4 wt.% Mo displayed a
superior photocatalytic activity compared to both the pure CuO and all other
doped variants.
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1.0 4 o MoCu-1
e MoCu-2
- MoCu-3
0.8 4 - MoCu-4
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0.6
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Figure 16. Photodegradation activity of pure CuO, MoCu-1, MoCu-2, MoCu-
3, MoCu-4, and MoCu-5 samples. Adapted from fig [37].

The higher photocatalytic capacity of MoCu-4, compared to CuO alone, can
be attributed to the more porous morphology of Mo-doped CuO compared to
CuO alone. As in other cases, the morphology factor b of equation 12 would be
the most important in the photocatalytic effectiveness of the MoCuO

4.-Miscellaneous metal and metal oxides doped CuO

Various metal and metal oxide-doped CuO nanocomposites capable of
effectively breaking down methylene blue have been documented in the
literature. Among these, one noteworthy example is the Cu/Cu,0O bidopant in the
form of a Cu/Cu,O/CuO nanocomposite, as discussed by Velusamy and Kim
[38]. These cubic-shaped Cu/Cu,O/CuO heterostructures display a
photodegradation efficiency of approximately 78% after 120 minutes and in
presence of H,O,, whereas the bud-shaped CuO achieves about 61% efficiency
when used alongside H,0,.
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Figure 17. Photodegradation efficiency of bud-shaped CuO and cubic- shaped
Cu/Cu,0/CuO Adapted from ref. [38].

Figure 18 provides an illustration of the photocatalytic degradation
mechanisms, featuring bandgap energy diagrams for both the bud-shaped CuO
and the cubic-shaped Cu/Cu,O/CuO nanoparticles.

OH™

HO

Figure 18. Graphical representation of the photocatalytic mechanism of the
Cubic-shaped Cu/Cu,O/Cu. Adapted from ref. [38].

The interfacial charge transfer within Cu/Cu,O/CuO heterojunctions is likely
facilitated by the alignment of the bandgaps of Cu,O and CuO semiconductors
[33]. When exposed to visible light, photoexcited electrons from Cu,O migrate
to the conduction band of CuO, while the generated holes in the valence band of
CuO move to the valence band of Cu,O [33]. Moreover, during this charge
transfer, the metallic copper particles present on the CuO/Cu,O structure's
surface enhance the electron transfer at the semiconductor interface and to the
surface, promoting effective separation of electron and hole pairs. As a result,
the efficient transfer and separation of electron and hole pairs in the
Cu/Cu,0/CuO semiconductor can substantially decrease their recombination
process, thereby improving photocatalytic performance.

Debele et al. [39] conducted a photocatalytic study on the degradation of
methylene blue using the heterojunction photocatalyst
CuO(Ni:60%)(Fe,03:40%), abbreviate 2NCO/40FO. The degradation efficiency
of these bidoped CuO nanocomposites achieved an optimal degradation rate of
methylene blue at 94% within 120 minutes, outperforming p-CuO (obtained by
a biosynthesis method), CuO (obtained by a chemical method), Ni-doped CuO,
(named 2 NCO, 2% Ni and 98% CuO), Fe,Os-doped CuO, CuO(Fe,;03), as
depicted in figure 19.
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—— 2NCO

Figure 19. The Degradation Efficiency of MB, for CuO, p-CuO, 2 NCO,
Fe,03, and 2NCO/40FO. Adapted from ref. [39].

The value of pseudo 1st order reaction rate for CuO, p-CuO, 2 NCO, Fe,0s,
and 2NCO/40FO is diagrammatically shown in figure 20.
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Figure 20. The reaction rate constant of CuO, p-CuO, 2 NCO, Fe,0s, and
2NCO/40FO. (Adapted from ref. [39].

From Figure 20 it can be seen that the introduction of Fe,O3 in CuO/2(Ni), can
further increase to some extent the catalytic efficiency.

The photocatalytic mechanism of CuO/Fe,O; composites is depicted in Figure
21.

8
H,CN sAA N CHy
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CH,4 CH,
N CI~HO CO,+H,0
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CH, CH,
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figure 21. Mechanism of photodegradation of CuO(Ni:60%)(Fe,03:40%).
Adapted from ref [39].
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When exposed to UV light, electrons from the valence bands (VB) of CuO and
Fe,0; are excited and move to the conductive band (CB), leaving behind holes
in the VB (h* VB). The heterostructure forms an effective pair, aiding in the
separation of the generated electron/hole pairs. CuO was enhanced with a 2% Ni
doping to boost its electron transport capabilities. Due to the difference in
conduction band levels, electrons residing in the CuO conduction band migrate
to the Fe,O5 conduction band. Additionally, when absorbed oxygen (O,) interacts
with electrons gathered at the Fe, O3 surface, it leads to the creation of superoxide
radicals (-O;") as electrons in the Fe,O5 conduction band reduce the absorbed O..
The superoxide radicals along with the generated electrons contribute to the
breakdown of the MB dye [39]. The process of degradation is also influenced by
the presence hydroxyl radicals, as indicated in equations 18 and 19.

eOH + O;* +pollutant — degrade pollutant (18)

eOH +0;* +hv —» CO;+ H,0 (19)

In another instance, Vadivel et al. [40] explored the photocatalytic potential of
a CuCr,04/CuO composite for breaking down methylene blue. The band gap
energies, calculated using the Tauc plot, were found to be 1.16 eV for the
CuCr,04/CuO composite, 1.23 eV for CuCr,O, and 1.42 eV for CuO.
Remarkably, the CuCr,0,/CuO nanocomposite demonstrated a high degradation
efficiency of approximately 90% when H,O, was present, as depicted in figure
22a. It was noted that there was no significant photodegradation efficiency
observed with either pure CuO or CuCr,0y, as illustrated in Figure 22a.
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Figure 22. (a) Plot of A intial concentration by A0, final concentration with
respect to time. (b) The degradation rate constants of MB over CuO, CuCr,0y4,
CuCr,04/Cu0O nanocomposite with and without H,O,. Adapted from ref. [40].

The values of the rate constants for the newly synthesized materials are shown
in Figure 22 b. When CuCr,0,/CuO nanocomposite was combined with H,O,,
its rate constant was approximately 460x10—4, which was almost 8 times greater
than that of the pure CuCr,0,/CuO, which had a rate constant of 55x107*.

The proposed pathway for the photocatalytic degradation mechanism is
illustrated in Figure 23. In short, during the photocatalytic process, electrons in
the valence band (VB) of CuCr,0./CuO become excited and move to the
conduction band (CB) when exposed to visible light. These electrons, once
generated, react with H,0; to create hydroxyl radicals (OH") or hydroxyl ions
(OH"). The hydroxyl radicals produced then oxidize pollutants into non-toxic
compounds. Meanwhile, the holes created in the VB because of electron
excitation may oxidize the hydroxyl ions into hydroxyl radicals, which
contributes to the effective degradation of MB [9,10,58].
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Figure 23. Schematic representation of the organic pollutant degradation
mechanism by the H,O, assisted photocatalytic reaction of CuCr,0,/CuO
nanocomposite. Adapted from ref. [40].
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Another instance of CuO doped composites is the CuO/ZnO/g-CsN,
heterostructure documented by Naika et al. [41]. To explore how varying g-CsN4
content influences the photodegradation efficiency of methylene blue in the
CuO/Zn0O system, several heterojunctions were crafted: CuO/ZnO/(g-C;3Ny),
Cu0/Zn0O/(2.5 g-CsN4) CZ2.5, CuO/ZnO/(5 g-C3N4) CZ5, and CuO/ZnO/(10 g-
C3N,4) CZ10. Figure 24 illustrates the degradation curves of methylene blue using
these different photocatalysts under visible light exposure. Approximately, 98%,
91%, 87%, and 57% of methylene blue was broken down within 45 minutes by
the samples CZg, CZ5, CZ10, and CZ2.5, respectively. It is also evident that the
photocatalytic efficiency of CuO/ZnO improves with an increase in CuO
concentration, with the highest activity achieved by the simple CuO/ZnO
combination. The CuO/ZnO/g-C;N, heterostructure shows enhanced
photocatalytic activity for degrading methylene blue (MB) when compared to the
CuO/ZnO0 system under visible light conditions.
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Figure 24. MB degradation as a function of time under visible light irradiation
by the prepared samples CZg, CZ5, CZ10, and CZ2.5, (initial concentration of
MB is 10 mg/L, catalyst dosage is 0.4 mg/L), Adapted from ref. [41].
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Figure 25. Schematic diagram of the charge migration pathway in
Cu0O/Zn0/g-C3N, heterostructure based on Z scheme. Adapted from ref. [41].

Figure 25 depicts the pathway of charge carrier migration within the
Cu0/Zn0/g-CsN, composite. In this system, photogenerated electrons in the
conduction band (CB) of ZnO merge with holes in the valence band (VB) of CuO
and g- CsN4. When exposed to visible light, electrons in the CB of g- C3N, and
CuO are excited to their respective CBs. As a result, these photogenerated
electrons gather in the CB of CuO and g- C3N4, where their redox potentials (-
0.77 or -1.12 V) are sufficient to produce -O, radicals. Similarly, the holes in the
CB of ZnO possess enough redox potential to generate -O,". The radicals -OH
and O, then work to degrade organic pollutants, demonstrating that the
Z-scheme effectively explains the improved photocatalytic activity.
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Another category of CuO-based photocatalysts includes those integrated into
a solid matrix, known as CuO/solid matrix photocatalysts. By embedding the
CuO photocatalyst in solid matrices like Graphene, Bentonite, Carbon
nanosheets of cellulose, and MgAl-layered double hydroxides, its ability to
degrade methylene blue and other dye pollutants can be enhanced. However,
such CuO-doped photocatalysts are not widely reported, with the most
researched being CuO/graphene nanocomposites [42]. In several studies,
Graphene has served as a framework for CuO, facilitating electron/hole transfer
due to its optical conductivity, extensive surface area, and low energy bandgap.
Consequently, the photocatalytic degradation efficiency of various organic dye
pollutants is found to be higher than that of CuO alone.

Sagadevan et al. [43] developed CuO/rGO nanocomposites and assessed their
photocatalytic performance against methylene blue degradation. The CuO/rGO
nanocomposites demonstrated superior catalytic activity compared to pure CuO
nanoparticles, achieving 77.7% versus 26% degradation after one hour, as shown
in figures 26 (a) and (b). The removal efficiency of methylene blue improved
further with extended reaction time, reaching 93% degradation after 90 minutes
of irradiation. The kinetics of the decomposition reaction using the CuO/rGO
nanocomposite can be accurately described by a pseudo-first-order reaction
model with a reaction rate constant of 0.0459. The enhanced catalytic activity of
the rGO/CuO composite for methylene blue degradation can be attributed to the
excellent electron-accepting properties of rGO within the composites, which
enhance the separation efficiency of electron-hole pairs and increase the
degradation rate.

Additionally, the increased effectiveness of the composite in degrading
methylene blue may be due to the improved adsorption of dye molecules on the
catalyst particles, facilitated by the strong interaction between the aromatic
components of the 2-D sheets and the oxygen functional groups in rGO with the
dye molecules.
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Figure 26. Absorption intensity with time (a) and  Kinetics plots for
degradation of MB in 1 h of irradiation under visible light utilizing rGO-CuO
nanocomposite as a catalyst (b). Adapted from ref. [43].

Alternatively, Dutta et al. [44] developed CuO nanocomposites with
concentrations of rGO, 20%, 50%, and 80%. These nanocomposites exhibit band
gap values of 2.76 eV, 2.59 eV, and 2.27 eV for CuO(rGO 20%), CuO(rGO
50%), and CuO(rGO 80%), respectively, which are higher than the calculated
value of 2.95 eV for CuO. Figure 27 illustrates the degradation curves of MB
over time using the photocatalysts CuO(rGO 20%), CuO(rGO 50%), and
CuO(rGO 80%), both without and with the presence of H,0,.
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Figure 27. Photocatalytic performance of the CuO and CuO-rGO
nanocomposites in terms of the photodegradation of MB molecules: (a) with
H,0, and (b) in absence of H,O,. Adapted from [44].

The nanocomposite CuO nanocomposites, available in concentrations of 20%,
50%, and 80%, Graphene, demonstrate remarkable photocatalytic performance.
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This is attributed to enhanced light absorption, efficient charge transfer, and
increased adsorption on the catalyst surface, all facilitated by the introduction of
graphene. In a study by Natarajan et al. [45], a green synthesis approach was
employed using Acalypha Indica leaf extract to produce CuO, which was then
combined with graphene oxide (GO) to form GO-CuO nanocomposites. This
GO-doped CuO photocatalyst was evaluated for its ability to degrade methylene
blue, achieving an efficiency of 83.2%, surpassing that of CuO alone, as depicted
in Figure 28. Specifically, in the presence of CuO nanoparticles, 75% of the
methylene blue (MB) dye was degraded. When the CuO-GO nanocomposite in
a methylene blue solution was exposed to visible light, it decomposed 83.20% of
the MB within 60 minutes.

The potential mechanism for the photocatalytic degradation of MB dye
solution using CuO-GO nanocomposites is described based on the above results
and illustrated in Fig. 29. Upon exposure to UV-Visible light, the CuO-GO
nanocomposites experience electron excitation from the valence band (VB) to
the conduction band (CB) of CuO, leaving behind holes in the valence band.
During the photocatalytic process, these photoexcited electrons can transfer from
the CB to the GO surface, effectively reducing electron-hole recombination.
Furthermore, the photo-generated electrons and holes can interact with water and
oxygen molecules absorbed from the surface, generating reactive species that
degrade the dye molecules present in the solution.
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Figure 28. Percentage degradation of methylene blue with CuO and CuO-GO
nanocomposites. Adapted from [45].

The nanocomposite demonstrated greater efficiency compared to CuO
nanoparticles due to the inclusion of GO sheets, which accelerate electron
transfer processes, thereby unusually boosting reaction rates. This is attributed to
the small bandgap and broad surface area of the CuO-GO nanocomposite, as well
as the prevention of electron-hole recombination. CuO-GO stands out as a cost-
effective and simple-to-prepare photocatalyst, potentially applicable at an
industrial scale for the photocatalysis of various industrial dyes and in biological
applications.
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Figure 29. Possible mechanism for dye degradation of MB. Adapted from ref.
[45].
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In a different study, Seyed-Yazdi [46] synthesized CuO/Graphene using a
microwave irradiation technique. The resulting graphene-doped CuO composites
were categorized based on the CuO to Graphene ratio, namely CuO/G7,
CuO/G15, and CuO/G30. The photocatalytic performance of these CuO/G
hybrids was evaluated by observing the degradation of MB in the presence of
H,0O, under UV light as is shows in Fig. 30a. Consequently, the highest
degradation efficiency was observed for CuO/G30 as is view in Fig. 30b. As
depicted in Fig. 30c, incorporating graphene significantly improved the
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degradation rates to 57%, 67%, and 85% for CuO/G7, CuO/G15, and CuO/G30,
respectively. In contrast, the degradation rate of MB using pure CuO was only
32% after 60 minutes of irradiation.

Indeed, the augmentation in the quantity of graphene significantly boosts the
average rate constant of the CuO/G30 hybrid. This results in a 4.84-fold
enhancement in its photocatalytic performance when compared to pure CuO.
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Figure 30. Photodegradation of MB with CuO and three synthesized CuO/G hybrids catalysis (a), time profile of MB degradation in presence of CuO and three
synthesized CuO/G hybrids catalysis (b), the kinetic curve of degradation reaction of CuO and three synthesized CuO/G hybrids (c). Adapted from ref. [46].

CuO/bentonite is another photocatalyst that incorporates CuO within a solid
matrix. Xu et al. [47] developed a CuO within bentonite (1.4% bentonite) and
assessed its photocatalytic efficiency in degrading methylene blue. Figure 31
illustrates how various catalysts influence the degradation performance of MB.

100% | —e— Na-bentonite+H202

—8—Cu0+H202

80% | —a— 1.4%CuO/bentonite(400°C.
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0 30 60 90 120 150 180 210 240 270
Time/min

Figure 31. Effect of different CuO (1.4% bentonite) catalysts on MB %
degradation. Adapted from ref. [47].

Upon examining the adsorption properties of materials, Figure 31 reveals that
the 1.4% CuO/bentonite composite, treated at 400 °C, was able to degrade 49.7%
of methylene blue (MB). In conditions devoid of light, the decolorization
efficiency of methylene blue achieved by Na-bentonite surpassed that of CuO,
the 1.4% CuO/bentonite (400 °C), and H,O,. This enhanced decolorization
primarily resulted from bentonite's ability to adsorb dye molecules. The
introduction of CuO to bentonite led to a slight decrease in the specific surface
area of the 1.4% CuO/bentonite (400 °C) (SBET = 96.1 m?%g), indicating minimal
impact on the original specific surface area of Na-bentonite (SBET = 98.6 m%(g).
The lower decolorization efficiency of 1.4% CuO/bentonite (400 °C) compared
to Na-bentonite might be attributed to CuO occupying some of the adsorption
sites on bentonite. However, when H,O, was introduced into the solution
containing the 1.4% CuO/bentonite (400 °C) catalyst, the decolorization of MB
significantly surpassed that achieved by Na-bentonite, CuO, and the same
composite without H,O,, within the same duration of irradiation. H,O, facilitates
the production of potent oxidizing *OH radicals, which promote the
photocatalytic process. Therefore, the addition of H,O, was crucial for enhancing
the photocatalytic efficiency of CuO/bentonite. The decolorization efficiency of
1.4% CuO/bentonite (400 °C) was 31.22% higher than that of CuO alone, with
the synergistic effect of CuO photocatalysis and bentonite adsorption boosting
the decolorization of MB.

Multiple studies have indicated that H,O, enhances the performance of various
photocatalysts in degrading dye pollutants, particularly with CuO, due to H,0,'s
role as an effective electron acceptor, which transforms into *OH upon electron

reception. Figure 32 illustrates the proposed photocatalytic degradation
mechanism of the CuO/bentonite composite. The adsorption of methylene blue
on bentonite facilitates the proximity of electrons, generated by the interaction
of light with CuQ, to the dye, thereby aiding in its catalytic degradation.
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Figure 32. Proposed photocatalytic degradation mechanism diagram of
CuO/bentonite composite Adapted from ref. [47].

In essence, the CuO/bentonite system serves dual purposes in breaking down
methylene blue: bentonite functions as an adsorbent, while CuO acts as a
photocatalyst. When these two mechanisms work together, they result in greater
effectiveness in degrading methylene blue.

Another setup involving CuO within a solid matrix is the Cu,O/CuO/carbon
nanosheets of cellulose composite, as documented by Sun et al. [48]. In this
composition, CuO's photocatalytic capability is initially boosted by Cu-O,
resulting in a photocatalyst, Cu,O/CuO. This is then integrated into carbon
nanosheets derived from cellulose-based flexible carbon aerogels, forming
Cu,O/CuO@CAX, where CAXx represents the cellulose carbon nanosheets. This
integration is achieved through a straightforward freeze-drying and calcination
technique. The systems Cu,O/CuO@CA0.1, Cu,O/CuO@CA0.2, and
Cu,O/CuO@CAO0.3 were developed using this uncomplicated method.

The introduction of the carbon aerogel plays a crucial role in preventing the
clustering of the cuprous oxide/copper oxide composite. Figure 33 illustrates the
efficacy of these systems—Cu,0/CuO@CAO0.1, Cu,O/CuO@CAO0.2, and
Cu,0/CuO@CA0.3—in the photocatalytic degradation of methylene blue.
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Figure 33. Efficiency in the degradation of methylene blue using
Cu,O/CuO@CAX (a) and photocatalytic degradation kinetics of methylene blue
using Cu,0/CuO@CAO0.2 (b). Adapted from ref [48].

As illustrated in Figure 33a, all the samples demonstrated impressive
photocatalytic degradation capabilities. Among them, the Cu,O/CuO@CAO0.2
sample showed the most superior photocatalytic performance, achieving a
degradation rate of 90.98% for methylene blue after 20 minutes of irradiation.
This rate was higher than those recorded for the Cu,O/CuO@CAO0.1 and
Cu,O/CuO@CAD0.3 systems were. For the Cu,0/CuO@CAO.2 photocatalysis,
kinetic curve fitting was conducted, as depicted in Figure 33b, revealing that the
degradation process adhered to first-order reaction kinetics. These findings
indicate that Cu,O/CuO@CAO0.2 exhibits exceptional photocatalytic activity in
degrading methylene blue when compared to catalysts previously reported, as
detailed in Table 3.

Table 3 provides information on the photocatalytic degradation of methylene
blue using copper oxide-based photocatalysts, including carbon aerogels
referenced from [48].

Table 3: Photocatalytic degradation of methylene blue by copper oxide based
photocatalysts. Carbon aerogels from [48].

Light Efficiency
Entry  Photocatalysts i Reaction conditions it
source (%)
s Methylene blue 100
1 Cu;O/CuO@CA  Xenon lamp i evne oo X 99.09
- mg/L, Time 60 min
MgFe;04/CuO Methylene blue 10
2 = Sunlight ’ 98.8
GO i mg/L, Time 27 min o
Methylene blue 20
3 CeO,/CuO Sunlight TR 91
mg/L, Time 180 min
i CuO-Cu:0 1.‘\'lc1;|l l\1:ll1)'lc..11e blue 5 30
halide lamp mg/L, Time 180 min
: Methylene blue 12
5 CuO-TO; Xenon lamp 5 . 35
mg/L, Time 120 min
Methylene blue 20
6 FGCY Visible light g : 94.27
mg/L, Time 40 min
ve ax 2 i Methylene blue 30
7 CS-CuO Sunlight L N . 913
- mg/L, Time 150 min
a) FGC: Fe,Os/graphene/CuO

1ref. 48.

» Reduction reaction
v cB

Visible Light SEAES _/\
e e )ie e
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Figure 34. Schematic illustration of the mechanism of the photocatalytic
degradation by the photocatalyst of the CuO-Cu,O nanocomposit. Adapted from
ref. [48].
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Research indicates that combining Cu,O and CuO can greatly enhance charge
collection while minimizing the recombination rate in the photocatalyst. The
process through which methylene blue is degraded using the Cu,O/CuO@CAXx
nanocomposite is understood by examining the band diagram of Cu,O/CuO, as
illustrated in figure 34. Electrons transition from the conduction band (CB) of
Cu,0 to the CB of CuO, with holes moving from the valence band (VB) of CuO
to the VB of Cu,0, primarily due to the differences in band gap energies between
Cu,0 and CuO. It's important to note that the CB and VB of Cu,O are situated
above those of CuO. Consequently, photo-induced electrons are easily
transferred to the CB of CuO, while holes are directed from CuO to Cu,O.
Additionally, interactions between the generated electrons, holes, water, and
oxygen molecules lead to the formation of *O, and *OH radicals. Ultimately, the
interaction between these radicals and dye molecules results in the production of
non-toxic degradation products. Refer to equations 20-23 for more details.

e+0;— 0, (20)
h*+ H,0 — H* + «OH 1)
*OH + dye — Degradation products (CO2, H;0, ...) (22)
O, + dye — Degradation products (CO,, H,0, ...) (23)

Besides, carbon aerogels have excellent conductivity and superior charge
carrier mobility, resulting in enhanced charge separation.

In addition, carbon aerogels exhibit remarkable conductivity and exceptional
charge carrier mobility, leading to improved charge separation. On the other
hand, Zelekew et al. [49] developed nanocomposites consisting of MgAl-layered
double hydroxides (MgAl-LDHSs) combined with CuO as photocatalysts aimed
at degrading methylene blue. The series of photocatalyst, including CuO/MgAl-
LDHs (1:1), CuO/MgAI-LDHs (2:1), and CuO/MgAI-LDHs (1:2), were
evaluated for their efficiency in methylene blue degradation. It was discovered
that the CuO/MgAI-LDHs (1:2) nanocomposite was the most effective, as
depicted in Figure 35. The degradation of methylene blue was almost non-
existent with the catalyst alone (control). The photodegradation efficiency of
methylene blue using CuO/MgAI-LDHs (1:2) reached 99.20%. In contrast, the
degradation efficiencies for MgAl-LDHs, CuO nanoparticles, CuO/MgAl-LDHs
(2:1), and CuO/MgAI-LDHs (1:1) were 35.53%, 71.87%, 85.30%, and 90.03%,
respectively. Additionally, MgAI-LDHs showed significant adsorption of
methylene blue molecules in the absence of light, which can be attributed to their
large surface area and limited visible light activity. Zhou et al. have reported
similar findings regarding MgAI-LDHs [50]. The enhanced photocatalytic
performance of these composite catalysts may be explained by the uniform
integration of CuO nanoparticles within the LDH matrix, the increased surface
area, and reduced electron and hole recombination rates. It was found that for the
degradation of methylene blue, the CuO/MgAI-LDHs (1:2) nanocomposite
proved to be the most efficient, as illustrated in Figure 35a. The figure shows the
kinetics study of different catalysts.

(@) 12 . (b)

4 CuO/LDHs (2:1)
AN\ —v— CuO/LDHs (1:1) 1

- ——CuOLDHs (122) | P « CuONPs
< ! —<+—MgAI-LDHs g *  MgAl-LDH

© ol Dark H . = 4 CuO/LDH (1:1)

: Light 2 v CuO/LDH (1:2)
2 + CuO/LDH (2:1) a
00F : . . . * 3 ; = = =
20 0 20 40 60 80 0 20 40 60 80

Time (min) Time (min)

Figure 35. The C/CO0 versus irradiation time plot of the MB degradation with
different catalysts (a), and the kinetics study of different catalysts (b). Adapted
from ref. [49].

Additionally, the efficiency of this composite catalyst was evaluated against
findings from other studies. As shown in Table 4, the CuO/MgAI-LDHs (1:2)
composite catalyst performed on par with other catalysts in breaking down
organic pollutants.
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Table 4 Comparison of the photocatalytic degradation performance of the
CuO/MgAI-LDHs (1:2) composite with other reported catalysts. Adapted from
ref. [49].

Catalysts Catalyst [MB] (mg Degradation  Time

(mg) LY (%) (min)
CuO NPs 20 30 89 150
g-CsNy/ZnO/Mg-Al LDH - - 96.5 115
Ag-Sinws-Cunes - 20 92 150
TiO2/MgZnAl-5 300 50 ~100 360
CuO-SWCNT-5 150 100 97.33 120
Cu20/CLDH-773 400 10 86.2 360
CuO/MgAIl-LDH (1:2) 25 10 99.20 80
Lref. 49.

7.-Conclusién and Outlook

CuO is frequently employed as a photocatalyst for the breakdown of organic
dyes, with methylene blue often serving as a model. Nevertheless, its
photocatalytic performance is not optimal, mainly due to three reasons: i) the
recombination of electrons (e) and holes (h*), ii) the limited presence of OH-
radicals, which possess strong oxidative properties and lead to the destructive
oxidation of organic dyes. This limitation might be because the valence bands
(VBs) of CuO (as illustrated in Fig. 2) are more negative than the redox potential
needed to produce OH- radicals. iii) Certain CuO structures, like ultralong CuO
nanowires, exhibit superior photocatalytic activity. This is due to the extensive
exposure of (002) crystallographic surfaces that are highly reactive.

Addressing point i), materials with high conductivity, such as graphite,
promote electron conduction and reduce their recombination. This is evident in
CuO/graphene composites. To tackle point ii) and enhance the concentration of
-OH radicals, adding H,0, can boost -OH levels. Regarding point iii), enhancing
photocatalytic efficiency involves creating CuO nanoparticles with specific
morphologies, such as nanoribbons, that possess high Miller index facets like {1
2 1}, which are very reactive. Thus, the synthesis of CuO with morphology and
exposed facets is desirable for the preparation of photocatalytically more
efficient CuO. A common strategy to enhance CuO's photocatalytic activity is
through doping. Nanocomposites like M/CuO, M xOy"/CuO, M/MxQy/CuO,
M’MxQy/CuO, and CuOf/solid matrix can improve CuO's photocatalytic
efficiency to varying degrees.

The enhancement of photocatalytic efficiency for degrading methylene blue
and other organic dyes involves mechanisms such as heterojunction formation,
which enhances the separation of electron-hole pairs, leading to more ¢ and h*.
Furthermore, incorporating a solid matrix like a graphene-type dopant improves
electron and hole conduction, thereby increasing photocatalytic efficiency in
methylene blue degradation.

Improving the photocatalytic capacity of CuO against organic dyes is a
permanent challenge. With this, the development of new doped CuO composites
of the type M/CuO, M'xOy/CuO, M/M'xOy’/CuO, M MxQy/CuO, and
CuO/solid matrix are necessary, and it is a permanent incentive. Specifically, the
development of CuO is inserted into new types of solid matrices. It is a little
explored niche. In summary, CuO doped nanocomposite is a promising efficient
photocatalyst in the degradation of organic dyes, but it still needs further
exploration of doping agents that can further improve its photocatalytic
efficiency.
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