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1. Introduction

Developing efficient CuO nanoplate/ZnO
nanoparticle hybrid photocatalysts for methylene
blue degradation under visible light

Nguyen Dac Dien,? Pham Thi Thu Ha,® Xuan Hoa Vu, ©*¢ Tran Thu Trang,©
Trinh Duc Thanh Giang® and Nguyen Thi Dung®

CuO/ZnO nanocomposites with different components can overcome the drawbacks of previously used
photocatalysts owing to their promotion in charge separation and transportation, light absorption, and
the photo-oxidation of dyes. In this study, CuO nanoplates were synthesized by the hydrothermal
method, while ZnO nanoparticles were fabricated by the precipitation method. A series of CuO/ZnO
nanocomposites with different ZnO-to-CuO weight ratios, namely, 2:8, 4:6, 5:5, 6:4, and 8:2 were
obtained via a mixing process. X-ray diffraction patterns confirmed the presence of hexagonal wurtzite
ZnO and monoclinic CuO in the synthesized CuO/ZnO nanocomposites. Scanning electron microscopy
showed the dispersion of ZnO nanoparticles on the surface of CuO nanoplates. Ultraviolet-visible
absorption spectra exhibited a slight red-shift in the absorption edge of binary oxides relative to pure
ZnO or CuO. All samples were employed for the photocatalytic degradation of methylene blue (MB)
under visible light irradiation. The composite samples exhibited enhanced photocatalytic performance
compared with pristine CuO or ZnO. This study aimed to examine the effect of the ZnO-to-CuO weight
ratio on their photocatalytic performance. The results indicated that among all the synthesized
nanocomposites and pristine oxides, the nanocomposite with ZnO and CuO in a proportion of 4:6
shows the highest photodegradation activity for the removal of MB with 93% MB photodegraded within
60 min at an initial MB concentration of 5 ppm. The photocatalytic kinetic data were described well by
the pseudo-first-order model with a high correlation coefficient of 0.95. The photocatalytic mechanism
of the mixed metal oxide was proposed and discussed in detail. The photodegradation characteristic of
CuO/ZnO nanostructures is valuable for methylene blue degradation from aqueous solutions as well as
environmental purification in various fields.

advanced oxidation process based on nanomaterials' photo-
catalytic effect is considered the best technology for efficient

The water pollution issue has recently attracted the attention of
governments, industries, civil society, and the scientific
community worldwide. Several types of inorganic and organic
compounds have been devastating the world's ecology. Nowa-
days, synthetic dyes are commonly used in several industrial
processes, and the residual dyes are released into water
resources." Textile dyes are the greatest source of organic
compounds that contaminate the water bodies. They may cause
serious problems to aquatic life and human beings.> An
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wastewater treatment owing to its environmental friendliness.
Based on the generation of hydroxyl radicals -OH, this process
converts the pollutants in water into intermediate products that
are not as toxic as dyes.®* Most of the materials explored for
photocatalytic applications are semiconductors* owing to their
potential to exploit ultraviolet (UV) and visible light.> They are
non-toxic, cheap, and chemically stable and can efficiently
reduce chemical and biological pollutants.® Among various
semiconductors, zinc oxide (ZnO) and copper(u) oxide (CuO)
have attracted considerable interest owing to their environ-
mentally benign nature, high stability, low-cost preparation,
and high catalytic performance.” However, the wide bandgap of
semiconductor photocatalysts allows them to be used only
under ultraviolet (UV) irradiation.*'* Heterogeneous photo-
catalysts including CuO-ZnO nanobullets," ZnO/CuO/MoO;
nanorods,*” Fe,0;-ZnO composites,"® SnO,/reduced graphene
oxides," ZnO/CdS nanofibers,"” ZnO/CeO, heterojunctions,'®
and TiO,/Bi,O3;/CuO" from metal oxides for wastewater
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treatment have been investigated as the most efficient materials
for industrial water purification owing to their potential for the
degradation of toxic organic pollutants. Among those semi-
conductor heterostructures, the CuO/ZnO nanocomposite
possesses high photocatalytic performance because of its large
surface area and simple synthesis methods.’* Among the
physical and chemical methods available to prepare nano-
materials, hydrothermal and precipitation techniques are
considered simple, inexpensive, versatile and environmentally
friendly.*** Nanostructured materials have a high specific
surface area with a lot of active sites, which facilitate the
adsorption and mineralization of pollutants. The light irradia-
tion produced photoinduced charge carriers and reactive
oxygen species (ROS) such as oxygen and hydroxyl radicals.
However, the bandgap of ZnO is approximately 3.37 eV, which is
relatively wide, and hence, UV light is required to generate
electrons and holes. The rapid recombination of electron-hole
pairs restricted the practical use of pristine ZnO nano-
materials.”* Coupling ZnO with other metals or metal oxides can
improve the performance of ZnO, extend the lifetime of photo-
generated electron-hole pairs and achieve visible-light-driven
photocatalysts.”>** The photocatalyst is a promising alterna-
tive for environmental detoxification as well as wastewater
decontamination.>*

Zinc oxide (ZnO) is known as an n-type semiconductor with
a large direct bandgap of 3.37 eV and an exciton binding energy
of ~60 meV,” thermal stability, and the ability to form heter-
ojunction nanomaterials with other metal oxides.'>**?¢ It was
successfully used for different applications including solar
cells,”” gas sensors,*® biosensors,* antibacterial agents,** opto-
electronic devices®* and the photocatalytic degradation of
dyes.*> However, the practical use of ZnO alone as a photo-
catalyst is eclipsed because of its large bandgap, poor visible
light harvesting, poor carrier separation, and fast recombina-
tion rate and short life of photogenerated electron-hole pairs.**
To overcome these shortcomings, much research efforts have
been devoted to enhance the life span of photoinduced species
and improve the light absorption capacity and electron-hole
separation via the coupling of ZnO with other metal oxides such
as Fe,0;, TiO,, and Mo0Q;.'>32%3* The combination led to
higher light adsorption in the visible range, and the charge
migration and separation can be improved owing to the
restriction of the electron and hole accumulation in the semi-
conductor.* Cupric oxide (CuO) is a p-type semiconductor with
a narrow bandgap (2.6 eV), remarkable electrical conductivity,
and high stability in the air.** CuO nanostructures have
exhibited notable photocatalytic performance for dye degrada-
tion in the UV and visible light region.*” However, CuO revealed
quite low photocatalytic efficiency due to the rapid recombi-
nation of electrons and holes.*® CuO is an ideal candidate for
integration with ZnO-based photocatalysts due to its potential
to enable effective charge separation in transferring photoex-
cited electrons from the high conduction band to the low
one.''%*% Recently, the use of CuO/ZnO nanomaterials for
photocatalytic application was more competitive than other
hybrids.*>** CuO can improve the photocatalytic performance of
ZnO via promoting the separation of electron-hole pairs on the
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ZnO surface and improving light energy harvesting in the visible
region.”>* In recent reports, CuO/ZnO combination has been
focused as a photocatalyst for degrading several organic
pollutants. For instant, M. Nami et al. fabricated a ZnO flower-
CuO patch nanocomposite by anodic oxidation of alpha brass;
the obtained ZnO-CuO nanocomposite could degrade phenol
under visible light irradiation, where 49% phenol was degraded
after 5 h irradiation.** K. Salehi et al. synthesized a CuO-ZnO
nanocomposite by a hydrothermal method at 150 °C and
autogenous pressure; the prepared nanocomposite was utilized
for the photocatalytic degradation of aromatic Direct Blue 71
dye (DB71) under natural sunlight.** C. Chen et al. fabricated
ZnO/CuO hollow microspheres by a self-assembly hydrothermal
method and achieved enhanced photodegradation of Rhoda-
mine B (RhB) under natural sunlight illumination.*® The better
photocatalytic performance of the heterojunction between CuO
and ZnO is attributed to the increased surface area, prevents the
photogenerated charge carrier recombination, and accelerated
migration of electrons and holes on the catalyst surface.”
Similar enhancement in the photocatalytic activity of different
CuO/ZnO heterojunctions has been reported in numerous
accounts.*®%°

Methylene blue (MB), also known as methylthionine chlo-
ride (C16H;15CIN3S), is a cationic thiazine dye with a stable
molecular structure and non-biodegradable nature. It has been
one of the most commonly used substrates for dyeing cotton,
wool, silk, and other synthetics, and hence, it presents wide-
spread in the effluents of the chemical industry into the land
and water without proper treatment.** It is reported that MB
introduced to natural water resources without adequate treat-
ment will be dangerous to human life, containing genotoxicity
and carcinogenicity.” MB causes human health problems such
as nausea, restless breathing, extreme sweating, mental
disorder, eye irritation, dermal change, oxidation stress,
cyanosis, diarrhea, and cardiovascular disease."* MB in water
bodies also inhibits light penetration and, subsequently,
decreases photosynthetic activity, leading to oxygen deficiency
in the aquatic environment and affecting living aquatic animals
and plants.®® Therefore, it is essential to remove MB from
wastewater before discharge to eliminate the harmful impacts
of wastewater containing MB on living creatures and human
beings.** Up to now, several treatment techniques including
ion-exchange, biological treatment, physicochemical precipita-
tion, membrane process, and sonocatalytic and adsorption
methods have been studied critically to remove MB from the
effluents before releasing them to the environment.**** Of these
techniques, photocatalysis has attracted considerable scientific
attention due to its simple operation, high efficiency, complete
mineralization in degrading recalcitrant compounds and less
likelihood of leading secondary pollution.> Several different
photocatalysts have been utilized for MB degradation from
aqueous solutions such as CdS, SnO,/rGO, SnO,, Fe,03/GO,
Fe,05/Zn0, graphene, and TiO,."**** Recently, metal oxide
nanomaterials have gained significant research interest owing
to their exceptionally high specific surface area and high pho-
tocatalytic ability. For example, H. Ullah et al. synthesized
cadmium sulfide (CdS) nanorods and nanowires to photo-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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degrade MB under solar light; CdS nanowires show more
pronounced photocatalytic activity than that of CdS nanorods.>®
P. V. Tuan et al. prepared SnO,/reduced graphene oxide (rGO)
nanocomposites by a hydrothermal method to decompose MB
under visible light by more than 90%, while SnO, decomposed
MB by only approximately 30%.** Various methods including
composite formation,">*>* addition of metal ion dopants,****°
and blending metal oxide®*'*"* were developed to enhance the
photocatalytic performance. Some researchers have combined
CuO with ZnO to produce a photocatalyst for the degradation of
pollutants such as methylene blue,*"* Rhodamine B,”*
Rhodamine 6G,** methyl orange,* ciprofloxacin,* Brilliant
Blue,* Direct Blue,** Congo Red (CR), tetracycline (TC),* phenol
red,” and 4-nitrophenol.®” CuO/ZnO materials have been re-
ported as promising photocatalysts to degrade MB since they
bear multiple active sites with tunable compositions. For
instance, M. S. AlSalhi et al. prepared composite CuO/ZnO
nanoparticles via a precipitation route to degrade MB under
solar light irradiation, and the maximum degradation efficiency
of 98.07% was achieved at 150 min of irradiation time.** M.
Nami et al. fabricated ZnO nanorods/CuO nanourchins by
chemical bath precipitation; the obtained composite can
completely degrade MB within 4 h under visible light irradia-
tion, about 12 times faster than ZnO.*® However, to the best of
our knowledge, studies on combining CuO nanoplates and ZnO
nanoparticles to photodegrade MB from aqueous solutions are
quite scarce.

This article focuses on the properties of CuO nanoplate/ZnO
nanoparticle composites, the technique for synthesizing them
and their application in the photodegradation and mineraliza-
tion of organic pollutants. Here, CuO nanoplates were prepared
by a simple low-temperature hydrothermal method using
CuSO, as a copper precursor and NaOH as a basic medium,
which favored the precipitation of Cu(OH),, while ZnO nano-
particles were fabricated by a precipitation method using
Zn(NO3), and (NH,4),CO; as starting agents. Furthermore, the
CuO/ZnO nanocomposites were synthesized by a simple
mechanical mixing technique with the aim of enhancing the
efficiency of the photocatalytic activity toward methylene blue
(MB). The nanocomposites were characterized by scanning
electron microscopy (SEM), X-ray diffraction (XRD), energy-
dispersive X-ray spectroscopy (EDS), ultraviolet-visible (UV-Vis)
absorption spectroscopy, Fourier transform infrared (FTIR)
spectroscopy and photoluminescence (PL) spectroscopy. The
photocatalytic activity of the obtained products was investigated
toward the degradation of methylene blue under visible light
irradiation. Here, the coupling of two metal oxides with
different bandgap energies transformed a wide-bandgap semi-
conductor into a visible light active photocatalyst. CuO/ZnO
heterojunctions significantly improved the photocatalytic
performance of pristine CuO or ZnO. This composite resolves
the shortcoming associated with the low photocatalytic activity
of CuO when used alone and the instant recombination of light-
induced electrons and holes in ZnO. This p-n-type hetero-
junction promotes the separation between photogenerated
charge carriers and inhibits their recombination, consequently
accelerating the photocatalytic reaction. The effect of weight

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ratio between CuO and ZnO on the photocatalytic capacity was

investigated. This work also discusses the proper photocatalytic
degradation mechanism of MB.

2. Experimental

2.1. Chemicals
Zinc nitrate hexahydrate Zn(NOj),-6H,0, ammonium
carbonate trihydrate (NH,),CO;-3H,0, absolute ethanol

(C,H50H), sodium hydroxide (NaOH), and copper sulfate pen-
tahydrate (CuSO,-5H,0) were purchased from Sigma-Aldrich
and used as synthetic precursors for CuO/ZnO. All the chem-
icals were of analytical grade and used as received without
further purification. Methylene blue (MB, C;¢H;5CIN;S) was
used as the target organic pollutant in the photocatalytic
experiment. Double-distilled water was used to prepare all
solutions.

2.2. Synthesis of ZnO nanoparticles

Pristine ZnO nanoparticles were fabricated by a precipitation
method using zinc nitrate hexahydrate and ammonium
carbonate trihydrate. This method is based on the sequential
hydrolysis of metal precursors to produce a metal salt solution.
In a typical reaction process, 3.7138 g Zn(NOj),-6H,O was
dispersed in a container containing 200 ml distilled water as
a solvent to form a 0.0625 M Zn(NOj3), solution. Similarly,
2.248 g (NH,),CO;-3H,0 was dispersed in 240 ml distilled water
to obtain a 0.0625 M (NH,4),CO; solution using a magnetic
stirrer for 15 min at ambient temperature. Then, an ammonium
carbonate solution was added dropwise into a zinc nitrate
solution under continuous stirring for 1 h. Two precursor salts
react to form zinc carbonate using the equation:

ZH(NO3)2 + (NH4)2CO3 - ZIICO3 + 2NH4NO3 (1)

The aggregated crystal of zinc carbonate was subsequently
vacuum filtrated and washed repeatedly with deionized water
and ethanol to wipe out the NH,NO; by-product, (NH,),CO3
residue, and solvent. The obtained solid was dried at 80 °C
overnight to completely remove the remnant molecules. Ob-
tained ZnCOj; was calcined at 500 °C for 2 h to remove CO, from
ZnCO;3; molecules:

ZnCO; — ZnO + CO, (2)

The obtained ZnO nanoparticles were retained in a plastic
tube with a sealable lid to avoid the intrusion of the atmosphere
into the tube. The product exhibits high porosity and large
surface area with enhanced adsorption capability, which can
facilitate the degradation of dyes. Fig. 1 illustrates the precipi-
tation method to synthesize ZnO nanoparticles. Pristine ZnO
was used to evaluate the photocatalytic activity of the CuO/ZnO
nanocomposites.

2.3. Synthesis of CuO nanoplates

CuO nanoplates were synthesized by a hydrothermal method.
The hydrothermal process involves heterogeneous reactions in
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(NH4),CO3
0.0625 M solution
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filtered with deionized dried ZnCO,
absolute

condensation water and

Precipitate ethanol several times

ZnC 03

drying at 80°C for 12 h

Fig. 1 Illustration of the precipitation method to fabricate ZnO
nanoparticles.

an aqueous medium at a temperature exceeding 100 °C (water's
boiling point) and a pressure higher than 1 bar in a sealed
autoclave. First, 0.0375 M CuSO, solution was prepared by
dispersing 2.814 g of copper(u) sulfate pentahydrate in 300 ml of
distilled water under magnetic stirring until the reagent was
completely dissolved. The Cu(OH), precipitation was done by
dropwise addition of 0.15 M NaOH along with constant stirring
for 30 min till the volume of NaOH solution reached 150 ml:

CuSO, + 2NaOH — Cu(OH), + Na,SOy 3)

Then, 200 ml mixed solution was poured into a 250 ml
Teflon-lined stainless-steel autoclave and placed in an electric
oven at 120 °C for 10 h. After naturally cooling down to room
temperature, a light-blue color solid was obtained, filtrated, and
washed with distilled water and absolute ethanol several times
to remove the remnants. The wet gel of Cu(OH), was dried at
80 °C for 24 h and finally calcined at 300 °C for 4 h to form CuO:

Cu(OH), — CuO + H,0 (4)

Fig. 2 illustrates the hydrothermal method to prepare CuO
nanoplates.

2.4. Synthesis of CuO/ZnO composites

To combine ZnO nanoparticles with CuO nanoplates to form
CuO/ZnO nanocomposites, the dried CuO, ZnO powders were
mixed in distilled water at five mass ratios of ZnO :CuO,
namely, 2:8,4:6,5:5,6:4 and 8: 2 through magnetic stirring
for 15 min. The obtained solutions were dried at 80 °C until the

NaOH 0.15M

solution

dropwise l stirring 0.5 h
CuS0,0.0375 M

solution

CuO nanoplates

heating at

300°Cfor2h

hydrothermal at filtered with deionized

120 °C for 10 h

dried gel Cu(OH),

water and absolute

ethanol several times

wet gel Cu(OH),

Illustration of the hydrothermal synthesis of CuO nanoplates.

Dark precipitate
Cu(OH),

drying at 80 °C for 24 h

Fig. 2
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water evaporated completely and kept in a sealed bag before
further study.

2.5. Characterization

Scanning electron microscopy (SEM, Hitachi S4800, Japan) was
applied to characterize the surface morphologies and particle
sizes of the fabricated nanostructures. Energy-dispersive X-ray
spectroscopy (EDS, Hitachi SU 8020, Japan) was performed to
confirm the elemental composition and purity of the samples.
An X-ray powder diffractometer (XRD, Bruker D8 Advance,
Germany) equipped with a Cu-K,, radiation source (wavelength
of 1.54056 A) in the 26 range of 20° and 80° was used to acquire
X-ray diffraction patterns, which exhibited the structural char-
acteristics. A UV-Vis spectrophotometer (Varian Cary 5000) was
used to elucidate the spectroscopic aspects of the nano-
composites and evaluate the bandgap energy (E,) of samples.
The photoluminescence (PL) response of the products was
recorded using a spectrofluorometer (Edinburgh FLS1000) over
the 380-800 nm wavelength range at an excitation wavelength of
365 nm. The chemical bonds and functional groups in the
nanocomposites were explored by Fourier transform infrared
(FTIR) spectroscopy (FT/IR-6300) in the 400-4000 cm ™" range.

2.6. Photocatalytic MB degradation

In this study, the photocatalytic activity of CuO/ZnO was eval-
uated by monitoring the decrease in the absorbance of MB dye
over time. The photocatalytic reactions were accomplished
using green light from a light-emitting diode (GLED, wave-
length of 520 nm with a power of 0.5 mW cm™?). The photo-
catalytic reactions were performed in a cylindrical quartz
photochemical chamber. In each test set, 10 mg photocatalyst
(CuO, ZnO, and CuO/Zn0O) was added to 60 ml MB solution, and
the initial MB concentration was 5 ppm. Before irradiation, this
MB solution with the photocatalyst was stirred in the darkness
for 1 h to achieve adsorption-desorption equilibrium, and it
was observed that some amount of dye was removed through
adsorption between MB molecules and the photocatalyst
surface. The reaction mixture was subsequently subjected to
GLED illumination and the reaction time ranged from 0 to
150 min. The system was maintained at room temperature with
air conditioning. To determine the concentration of MB at
a regular time interval (5-10 min) after irradiation, 5 ml of
suspension was sampled and the UV-Vis absorbance spectra
were recorded using a Varian Cary 5000 UV-Vis spectropho-
tometer. Hence, we can evaluate the photodecomposition of the
MB solution with respect to time. The photodegradation
experiment was also conducted to identify the optimal mass
ratio of CuO and ZnO. The experimental results (presented in
Section 3.2) indicated that a ZnO-to-CuO mass ratio of 4 : 6 was
the best one. Thus, the CuO/ZnO nanocomposite produced at
a ratio of 4:6 was selected for material characterization and
further studies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterizations

The morphological feature is the essential physical factor that
affects the photocatalytic capacity of the as-prepared CuO,
ZnO, and CuO/ZnO nanocomposites. The surface property of
samples was uncovered by SEM images, as shown in Fig. 3. It
can be found that pristine ZnO exists as 0-D nanoparticles
(NPs) with a diameter in the range of 20-30 nm (Fig. 3a). ZnO
NPs agglomerate through weak bonds between the particles.
While CuO as a 2D nanoplate exhibits discrete thin plates
with smooth surfaces and almost no agglomeration, as shown
in Fig. 3b. CuO nanoplates have lateral size values of 100-
200 nm and 400-500 nm, and a thickness of about 10-20 nm.
Fig. 3c shows the SEM image of the CuO/ZnO sample. The
surface morphology of CuO nanoplates was clearly altered
when small ZnO nanoparticles were presented, which
suggests that the ZnO nanoparticles were evenly distributed
on the surface of CuO nanoplates. The presence of ZnO on
CuO nanostructures forms CuO/ZnO heterojunctions with
a combined geometry, which strongly enhances the adsorp-
tion of reactant molecules onto the dynamic sites and
amplifies the photocatalytic activity.”* With the increase in
ZnO content, the ZnO nanoparticles around CuO nanoplates
increase, leading to aggregation of ZnO. Furthermore, the
ZnO content did not affect the morphology of CuO
nanoplates.

Fig. 4 shows the EDS spectra of the CuO/ZnO sample, which
substantiates the elemental composition and purity of the as-
prepared composite materials. The EDS analysis exhibits that
the constituents of CuO/ZnO included mainly O, Cu, and Zn.
This shows that ZnO nanoparticles were successfully anchored
on the CuO nanoplate surfaces. The EDX mapping images
(Fig. 4b-e) further confirm that the sample was composed of O,

View Article Online
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Cu and Zn. The elemental distribution of Cu, Zn, and O atoms
in the CuO/ZnO heterostructures helps us identify the region of
interfacial junction between CuO and ZnO. The EDX mappings
show the even distribution of Zn, Cu, and O in all the samples,
which confirm the fused geometry of CuO nanoplates and ZnO
nanoparticles (Fig. 4a).

The crystallinity and phase identification of the as-prepared
CuO, ZnO, and CuO/ZnO hybrid specimens were characterized
by a powder XRD analysis, as represented in Fig. 5a. The main
diffraction peaks of CuO appearing at 26 of 35.5°, 38.7°, 48.7°,
61.5°, 66.2°, and 68° were ascribed to the reflection from the
(002), (111), (202), (113), (311), and (220) facets, respectively,
which corresponds to the crystalline monoclinic CuO, which is
in good correspondence with the standard value (JCPDS card
number 89-5895).% The diffraction peaks at 31.4°, 34.6°, 36.3°,
47.6°, 56.7°, 63°, and 66.5° were ascribed to the (100), (002),
(101), (102), (110), (103), and (200) planes, respectively, corre-
sponding to hexagonal wurtzite ZnO in accordance with the
standard pattern (JCPDS card no. 36-1451).>° The XRD patterns
of the CuO/ZnO nanocomposite sample represent all of the
diffraction peaks associated with CuO. The peaks associated
with ZnO do not appear separately in binary composites but
appear in pure ZnO. The diminished intensity of ZnO peaks in
the mixed nanocomposite gives evidence for the formation of
coupled oxides.** The crystalline nature of copper oxide
remained unaltered in the CuO/ZnO heterojunction. CuO was
a major phase in this two-phase mixed-metal oxide composite
due to the small size of ZnO nanoparticles compared to CuO
nanoplates. No additional peak is observed in the XRD patterns,
which represents the highly pure phase of synthesized
materials.

An diffraction peak associated with ZnO or CuO in the
pattern was used to determine the average crystalline size using
Debye-Scherrer's equation as follows:*

Fig. 3 SEM images of (a) ZnO NPs, (b) CuO nanoplates, and (c) CuO/ZnO nanocomposites with a ZnO-to-CuO weight ratio of 4 : 6.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
elements in the CuO/ZnO composite.

kA
D=
B cos 0

(5)

where k = 0.938 is the Debye constant, A = 0.154056 nm is the
X-ray wavelength, § is the full width at half maximum
(FWHM) of highly tense peak, ¢ is the Bragg diffraction angle,
and D is the average crystalline size. The strongest peak in the
pattern of CuO at 260 = 35.5° was chosen to calculate the
crystalline size, which was estimated to be 24.15 nm (Fig. 5b).
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(a) EDS elemental analysis of CuO/ZnO; EDX mapping of (b) CuO/ZnO sample showing the distribution of (c) O, (d) Cu, and (e) Zn

Similarly, the ZnO crystalline size was calculated from a peak
of 36.3° to be 18.6 nm.

It is clear from the UV-Vis absorption spectra in Fig. 6 that
ZnO is a UV-responsive material, while CuO/ZnO gave the
light response in the range of visible light. We can see that the
absorption edge of CuO/ZnO is slightly red-shifted compared
to pure CuO and ZnO. This red-shift could be attributed to
electron transfer between the valence band of CuO and the
conduction band of ZnO. Thus, the composite samples can

(b) 400
350+
300-

3250-
200-
E 150+
= 1004
50

04

34.0

35.53° Peak (002) - CuO

0.36°

345 350 355 360 365
Scanning angle 2 theta (degree)

37.0

(a) XRD patterns of pristine the CuO, ZnO, and CuO/ZnO composite. (b) Full width at half maximum of peak (002) of CuO.
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Fig. 6 UV-Vis spectra and corresponding Tauc's plots (inset) of (a) CuO, (b) ZnO, and (c) ZnO : CuO = 4: 6 samples.

harvest the visible light region toward the generation of
a large number of photogenerated charge carriers, which
improves the photocatalytic performance. Since ZnO and CuO
exhibit direct bandgaps, the Tauc model was used to calculate
the band gap energy given in the following equation:*®

(ahv)" = A(hy — E,) (6)
where 7 is Planck’s constant, v is the photon frequency, E, is the
optical band gap energy, A is a constant, n = 2 for the direct
bandgap semiconductor, n = 1/2 for the indirect transition
band gap, and « is the absorption coefficient. In this case,n =2
for CuO and ZnO. The Tauc plots of (akv)® versus photon energy
(hv) are shown in the insets of Fig. 6a—c. The y interception (y =
0) of the linear fit of Tauc plot gives an estimate of the band gap
energy. The values of E; were calculated by the extrapolation of
the linear portion of (akv)* versus hv to cut on the photon energy
axis. E; was estimated to be 3.15 eV for ZnO, 2.63 eV for CuO,
and 1.26 eV for CuO/ZnO with a ZnO-to-CuO weight ratio of 4 : 6,
respectively. It is clear that the bandgap energy of CuO/ZnO
nanocomposites obtained from Tauc plot is smaller than
those of pure CuO or ZnO.”” The red-shift in absorption wave-
length is attributed to the formation of CuO/ZnO nano-
composites, and the generation of some localized energy states
and oxygen vacancies in ZnO.*® Superior photocatalytic perfor-
mance of CuO/ZnO nanocomposites is attributed to the exis-
tence of oxygen vacancies, which favors good adsorption
capacity.®

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

The Fourier transform infrared (FTIR) spectra within the
range of 400 to 4000 cm ™" were used to determine the func-
tional groups in the CuO/ZnO nanocomposites (Fig. 7a). The
frequency at about 3460 cm™ ' corresponds to the O-H stretch-
ing vibration.” The peaks around 1636 and 1414 cm ™' indicate
the C=O0 stretching mode and O=C=0O bond, which are
attributed to the absorption of CO, on the surface of CuO/ZnO
hybrids.” The peak at 600 cm™ " is due to the vibration of the

Zn0 Zno
Zn0:CuO — 8:2
Zn0:Cu0 = 8:2
:\: ﬁb,m TN~ _}\:Ln‘(r.‘):CuO—6:4 = "\_‘ J‘Znozcuo=6:4
§ g
D=2 E
E 20046 Z10:Cu0 = 4:6
1000 2000 3000 4000 400 500 800 700  8Q0
Wavenumber (cm-!) Wavelength (nm)
Fig. 7 (a) FTIR spectra of CuO, ZnO and CuO/ZnO nanocomposites

with different ZnO-to-CuO weight ratios. (b) Corresponding PL
spectra recorded in the range of 300-800 nm.
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Cu-0 bond in CuO.%” The band at 507 cm™ " is assigned to the
vibration of the Zn-O bond in ZnO.”> The PL spectra of CuO,
ZnO and CuO/ZnO nanocomposites are illustrated in Fig. 7b.
The photoluminescence (PL) spectra of ZnO consists of two
characteristic emissions: the 400 nm peak is assigned to the
near band-edge (NBE) exciton emission® and the 650 nm peak
is assigned to deep level emission (DLE) from intrinsic and
extrinsic defects.”® The combination of CuO with ZnO has an
important impact on the optical property and efficiency of
photocatalysts. A small band in the range of 470 nm results
from the recombination of photoinduced electrons and holes.

The visible emission intensity decreases with the increase in
CuO content, indicating the decrease in the radiative recombi-
nation rate of photoinduced electron-hole pairs.” Therefore,
the photocatalytic activity would be expected to increase from
ZnO:CuO = 8:2 to ZnO: CuO = 4 : 6. With the further increase
in CuO content to ZnO : CuO = 2 : 8, the intensity of PL emission
was enhanced. Electrons from the conduction band of CuO can
flow into the conduction band of ZnO, leading to the improve-
ment of the recombination rate of e/h pairs. Hence, the PL
intensity is enhanced and the photocatalytic performance of
ZnO: CuO = 2: 8 decreases.

3.2. Photocatalytic MB degradation

The photocatalytic activity of the as-constructed CuO, ZnO, and
CuO/ZnO composites was quantitatively estimated by
measuring the decomposition of the MB aqueous solution
under GLED light for different irradiation durations from 5 min
to 150 min with the initial MB concentration of 5 ppm. To
evaluate the effect of different ZnO-to-CuO mass ratios on the
MB photodegradation capacity of the obtained photocatalysts,
preliminary experiments were carried out with pristine CuO,
ZnO, CuO/ZnO at different ZnO-to-CuO mass ratios of 2: 8,4 : 6,
5:5,6:4,and 8: 2. The decrease in MB concentration with time
was estimated using a UV-Vis spectrophotometer, as shown in
Fig. 8. It can be seen that the CuO/ZnO nanocomposites
demonstrated better photocatalytic performance than pristine
CuO and ZnO. The results indicate that ZnO:CuO = 4:6
exhibited the best performance among the as-synthesized
photocatalysts. The increase in the CuO content in the CuO/
ZnO composite enhanced the photocatalytic activity due to
the increase in carrier trapping sites, leading to the improve-
ment of charge separation and the extension of the carrier
lifetime.

The specific surface area commonly plays an important role
in photocatalytic process. The surface area of synthesized
materials depends on geometrical shape, particle size and
porosity of the samples. The combination of CuO nanoplates
and ZnO nanoparticles increased the surface area and created
new absorption sites.”* The small ZnO nanoparticles have
higher surface area than that of CuO nanoplates. An increase in
the surface area of CuO/ZnO composites might be due to an
increase in the porosity of the samples. The larger surface area
provides more oxygen defects and more active sites for pollutant
adsorption, leading to higher photocatalytic activity.”
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The superior photocatalytic competency of the ZnO: CuO =
4 : 6 sample was confirmed via their comparison with the results
of other ZnO-to-CuO ratios and the information is presented in
Fig. 9. However, with the further decrease in ZnO content to
ZnO: CuO = 2: 8, the photocatalytic performance decreases due
to an insufficient amount of ZnO to provide effective separation
to charge carriers. After attaining an optimum ratio, i.e., ZnO:
CuO = 4:6, the ZnO nanoparticles start agglomerating (i.e.,
ZnO:CuO =5:5,6:4, and 8: 2), which results in the reduction
in surface area as well as photocatalytic activity. Moreover, the
large amount of ZnO nanoparticles covering the surface of CuO
form a cluster and reduce the active sites available for the
photocatalysis, which is in compliance with the previously re-
ported work.'® The reduced surface oxygen vacancies acting as
electron donors in ZnO provide additional electrons to the CB of
ZnO.”* The most prominent reason behind the enhanced effi-
cacy of binary nanocomposites was ascribed to charge separa-
tion due to the formation of heterojunctions in hybrid systems.
The weakest degradation of MB was recorded in the blank test,
which is experiment in the absence of catalysts and without
light. A little degradation of MB was achieved that agrees with
the theory of self-degradation of organic pollutants. By contrast,
the best photodegradation of MB was obtained for the ZnO:
CuO = 4: 6 sample, which is ascribed to the highest adsorption
of MB molecules onto the composite surfaces, and the genesis
of -OH radicals promotes the photocatalytic reaction. Fig. 9a
reveals the quantitative degradation efficacy of MB as a function
of irradiation time using CuO/ZnO photocatalysts having

different ZnO-to-CuO ratios. The photodecomposition

percentage of MB was calculated using the following equation:*
AO - A1

D= ——— 7

=0 )

where A, is the initial absorbance of the MB dye solution and 4,
is the absorbance of the MB solution after reaction time ¢, and
D, is the degradation or decomposition of MB. The estimated
values of the photocatalytic efficiency after 60 min of light
exposure for ZnO: CuO =2:8,4:6 and 5: 5 samples are 85.7%,
93.0%, and 83.1%, respectively.

The maximum efficiency in degrading MB was achieved for
the ZnO: CuO = 4: 6 sample. In this experimental scenario, the
photocatalytic process slowed down after 60 min and the MB
concentration became stable after 150 min (Fig. 9f). In the
initial stage, the CuO/ZnO surface had a large number of fresh
adsorption active sites leading to a rapid reaction. After 60 min,
the adsorption process became slower and approached stability
because of the saturation of available active sites on the surface
of catalysts and the reduction in the concentration of MB in the
solution. This trend was similar to the phosphate adsorption
from aqueous solutions.”™

Fig. 9b describes the decrease in MB concentration after
GLED irradiation. It is clear that CuO/ZnO nanocomposites
possess much better photocatalytic activity than that of pure
ZnO or CuO. Especially, CuO/ZnO with ZnO : CuO = 4 : 6 has the
best photocatalytic activity, showing the decrease in MB
concentration from the initial value of 5 ppm to 0.67 ppm
within only 60 min. While for pristine ZnO or CuO under GLED

© 2023 The Author(s). Published by the Royal Society of Chemistry
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irradiation with 60 min or 90 min, respectively, only 70% MB
can be degraded.

The quantitative degradation efficacy of MB was evaluated
via the evolution of C/C, as a function of time (Fig. 9c), where C,
is the initial concentration of the MB aqueous solution and C is
the MB concentration at time ¢. To measure the rate constant
and degradation kinetics, the plot of In(C,/C,) with GLED illu-
minating time, as displayed in Fig. 9e, revealed the pseudo-first-
order reaction kinetic model as follows:*®

G
In—= =
n kt (8)

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

where C, is the initial concentration of MB (Co = 5 ppm), C is
the residual concentration of MB at time ¢, ¢ is the light irradi-
ation time (min), and k is the reaction rate constant (min ).
The result was fitted by a linear plot of In(C,/C) against ¢ with
a correlation coefficient (R*) greater than 0.95. The rate
constants are slopes of straight-line plots of In(Co/C) versus t. As
confirmed by Fig. 9¢, ZnO: CuO = 4:6 has the highest photo-
catalytic activity with a rate constant (k) of 0.0295 min~" and
ZnO: CuO = 5: 5 has the lower photocatalytic activity with a rate
constant of 0.0212 min ™. The values of k for pristine ZnO and
pristine CuO were estimated to be 0.0154 and 0.0254 min
respectively. It was pointed out from rate constant values that

RSC Adv, 2023, 13, 24505-24518 | 24513
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(a) Absorbance of the MB solution at different time intervals, (b) dependence of MB concentration on the GLED illumination time, (c) time-

dependent, normalized concentration of methylene blue under visible light irradiation for CuO/ZnO nanocomposites, (d) In(Co/C) curve as
a function of irradiation time, and reaction kinetic plots (e) in the range of 0—80 min and (f) from 80 to 140 min irradiation.

ZnO: CuO = 4: 6 nanocomposite possesses the highest photo-
catalytic activity compared with other samples. The value of k
for the sample with ZnO:CuO = 4:6 was estimated to be 1.8
times the magnitude larger than that of ZnO. Thus, the pho-
tocatalytic activity of the composite is improved compared to
that of pristine ZnO or CuO. The decline in photocatalytic
capacity at a higher ZnO-to-CuO ratio might be due to the
aggregation of ZnO nanoparticles, which reduced the effective
surface area and active sites for MB adsorption. This result
agrees with the above-mentioned PL spectra and other studies,
which indicated that the ZnO-to-CuO ratio plays an important
role in the photocatalytic process.®*’” Table 1 compares the
photocatalytic efficacy of some previously reported CuO/ZnO
systems.

3.3. Mechanism of photocatalytic activity

ZnO possesses a wide direct bandgap of approximately 3.37 eV
with an exciton binding energy of 60 meV, allowing ultraviolet
(UV) adsorption at room temperature.®® When the ZnO photo-
catalyst is illuminated with a photonic energy greater than the
bandgap (E,), the electrons from the valence band (VB) are
promoted to the conduction band (CB) to generate electron-

24514 | RSC Adv, 2023, 13, 24505-24518

hole (e/h) pairs. However, owing to the wide bandgap of ZnO,
only ultraviolet (UV) is available to excite electrons from the
valence band (VB) to the conduction band (CB), which limits the
practical use of ZnO. Combining CuO with ZnO can extend the
light absorption to the visible region, increase carrier mobility,
and reduce electron-hole pairs recombination.”” In addition,
the lifetime of the photocatalyst can be shortened owing to
photocatalyst leaching and dissolution during irradiation,
which introduce Zn pollutants into treated water.”® Many
authors have minimized the recombination loss of charge
carriers via deposition of ZnO with noble metals (Pt, Pd, Au, and
Ag) and extended the light response to visible light by coupling
with other metal oxides (TiO,, SnO,, Fe,03, and CuO), thus
improved the light trapping ability, capacity to adsorb pollut-
ants and global photocatalytic performance.>*%>7%%°

The photocatalytic mechanism of the CuO/ZnO hybrid under
visible light irradiation can be explained in terms of greater
separation of the photo-induced electrons and holes via the p-n
heterojunction between ZnO and CuO. The p-n junction forms
a junction potential at the interface between ZnO and CuO. The
inner electric field causes the charge polarity, where the n-type
ZnO is positively charged and the p-type CuO is negatively

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative study of the photocatalytic activities of CuO/ZnO nanocomposites reported previously and in the current study

Rate constant

Method Morphology Organic pollutant (min™) Reference
Hydrothermal Flake/bittergourd Triclopyr — 47
Co-crystallization Nanoparticles/nanobullets Methylene blue 0.0529 11
Thermal transformation Plate Ciprofloxacin 0.009 39
Electrodeposition Nanoparticles Brilliant blue 0.029 35
Hydrothermal Nanoparticles/nanowires Methylene blue 0.03543 41
Hydrothermal Nanoplates/nanoparticles Methylene blue 0.0295 This work

charged.®* It is plausible for CuO nanoplates to support elec-
tron-hole pair generation, while ZnO nanoparticles act as the
carrier pathway. When irradiated with GLED, electrons in the
valence band (VB) of CuO were excited to the conduction band
(CB). From the thermodynamic point of view, the photo-
generated electrons immigrate from CuO to ZnO and are
trapped by the heterojunction. In the meantime, the holes
transfer in the opposite direction from the VB of ZnO to that of
CuO, as depicted in Fig. 10. Consequently, the photoinduced
e/h pairs could be effectively separated, leading to a larger
number of electrons and holes participating in catalytic reac-
tions. The formation of CuO/ZnO heterostructures created
defects, narrowed the energy bandgap, and shifted the elec-
tronic energy band structure of ZnO, which controlled the
charge recombination process and helped to absorb visible
light.®?

Fig. 10 illustrates the energy-level diagram of ZnO
nanoparticle-decorated CuO nanoplates and the pathway for
the transfer of charge carriers. The conduction and valence
bands of ZnO lie lower than those of CuO, as mentioned in
a previously reported article.” When CuO is illuminated with
visible light, the photogenerated electrons of the VB of CuO
become excited to the CB and leave holes in the VB:**

Photon (hv) + CuO — h*™ (VB) + e~ (CB) 9)

Dz0=4.05eV
Reduction

reaction

MB

ﬂ

COz. H2O

degraded

products

Photogenerated electrons move from the CB of CuO to the
CB of ZnO, while photogenerated holes move from the VB of
ZnO to the VB of CuO. Therefore, the CuO/ZnO heterojunction
efficiently enhances the charge separation and increases the
recombination time for the e/h pairs.

The oxidative species generated from the photoinduced
charge carriers (electrons and holes) contain superoxide anion
radicals (-O,) and hydroxyl radicals (-OH). Electrons were
captured by dissolved oxygen molecules in water or adsorbed O,
species to produce highly active anion radicals as follows:

e + 02 - '027 (10)

The superoxide anions react with H' ions to produce

hydrogen peroxide molecules as follows:
-0~ +2H" — H,0, (11)

The hydrogen peroxide molecules react with photogenerated
electrons to form highly reactive hydroxyl radicals as follows:
e + H202 — -OH + OH™ (12)

Hydrogen peroxide (H,O,) can react with superoxide radicals
to form hydroxyl radicals as follows:

H202 + '027 — -OH + OH + 02 (13)

................ Vacuum level
@cyo=5.31eV

Oxidation
reaction
hVisible light MB
‘OH @
CO2, HO
H>,O
degraded
CuO nanoplates products

ZnO nanoparticles
Fig. 10 Illustration of the photodegradation of MB using CuO/ZnO catalysts.
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Whereas, the holes generated from the VB of CuO react with
water or hydroxide ions to create strong oxidants, i.e., hydroxyl
radicals as follows:*

h* + H,0 - H" + -OH (14)

h* + OH™ — -OH (15)

Both radicals are called reactive oxidation species (ROS), which
are powerful oxidizing agents for organic molecule treatment.
These oxidant radicals are responsible for the complete mineral-
ization of pollutants.®® The ROS rapidly react with the organic
pollutants adsorbed on the ZnO surface to generate nontoxic
chemicals, containing carbon dioxide, water, and inorganic
compounds.®®> Methylene blue (MB) molecules anchored onto the
active surface of the photocatalyst are decomposed by these
radicals in an oxidation process:*

MB + -:OH — CO, + H,O + other products (16)

MB + -0, — CO, + H,0 + other products (17)

MB molecules are transformed into less toxic inorganic
molecules such as CO,, H,0, SO,>~, NO;~, and Cl™. The inter-
mediates or byproducts of MB decomposition are small frag-
ments leading to mineralization. Amidst oxidation, -OH
radicals exfoliate the benzene rings of MB molecules until the
innocuous inorganic end products get formed.”” The degrada-
tion end products may contain organic acids such as oxalic acid
and acetic acid.**

A great number of photocatalytical active sites will create
a great proportion of -OH and - O, radicals, which is essential for
photodegradation reactions. CuO has a smaller bandgap than
ZnO and can absorb a greater amount of light energy than ZnO,
but the instant recombination of electrons and holes of CuO is
faster than that of ZnO. When a CuO/ZnO heterojunction is illu-
minated, the photogenerated electrons in the conduction band
(CB) of CuO migrated to the CB of ZnO.* The holes generated in
the valence band (VB) of ZnO get further excited to the CuO VB,
resulting from heterojunction formation that leads to efficient
charge separation. Superoxide (-O, ) radicals are generated in the
CB of the ZnO section, while hydroxyl (- OH) radicals are formed in
the CuO VB.

The improved photocatalytic activity of CuO/ZnO nano-
composites could be attributed to the low recombination rate of
photoinduced charge carriers and the more favorable charge
transfer through CuO/ZnO heterostructures. The formation of
CuO/ZnO heterostructures resulted in a highly accessible surface,
which offers lots of active sites for pollutant adsorption and high
charge separation efficiency of e/h pairs, and prolongs the lifetime
of charge carriers. Consequently, CuO/ZnO nanocomposites offer
high photogeneration of ROS under visible light.” However, the
enhanced photocatalytic performance under visible light remains
controversial, thus more investigations are required to clarify and
understand the MB photodegradation mechanism using CuO/
ZnO nanocomposites.
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4. Conclusions

In summary, we have successfully prepared a series of p-n CuO/
ZnO heterojunction nanocomposites by a hydrothermal
method and precipitation followed by mechanical blending.
The as-prepared nanocomposites were characterized by stan-
dard techniques such as SEM, XRD, EDS, UV-Vis spectroscopy,
FTIR spectroscopy, and PL spectroscopy. The UV-Vis results
revealed that CuO/ZnO hybrids had the lower energy band gap
than those of pristine CuO or ZnO. The proficiency of the as-
synthesized nanocomposites in the photodecomposition of
MB was evaluated under GLED irradiation. Among the CuO/
ZnO nanocomposites, ZnO: CuO = 4:6 revealed the highest
activity for MB degradation with 93% photodeterioration within
60 min of exposure to GLED light. The rate constant (k) for the
sample with ZnO: CuO = 4: 6 was 0.0295 min " for the initial
60 min GLED irradiation. The excellent photocatalytic MB dye
decomposition ability of CuO/ZnO nanocomposites is expected
to render a critical role in environmental detoxification.

This study has shown that the formation of CuO/ZnO het-
erostructures can improve the photocatalytic activity by
increasing light absorption, charge separation and trans-
portation, prolonging the lifetime of charge carriers, and
improving pollutant-adsorbing capability. The CuO/ZnO heter-
ojunction could reduce the photoinduced e/h recombination to
generate effective oxidants. This finding provides a potential
photocatalyst based on CuO/ZnO composites for organic
pollutant remediation, especially methylene blue.
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