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Abstract Zinc oxide-based ternary heterostructure ZnO/CuO/Eu(1%, 3%, and 5% of Eu)

nanoparticles were effectively produced by employing Vigna unguiculata (cowpea)waste skin extract

as fuel in a simple one-pot combustion process. The as-synthesized heterostructure was analyzed by

X-ray diffraction studies, ultraviolet-visible spectroscopy, Fourier Transform Infrared Spec-

troscopy, Field Emission Scanning Electron Microscopy, and High-Resolution Transmission Elec-

tron Microscopy techniques. Besides, the photocatalytic degradation efficiency of the as-obtained

ternary nanocomposite was evaluated under UV light for the degradation of model organic pollu-

tants including methylene blue (MB), Rhodamine-B (RB), and an effluent sample collected from the

textile industrial waste. During this study, the effect of a variety of parameters on the photodegra-

dation activity of the photocatalysts has been thoroughly evaluated, such as light source, catalyst

dose, irradiation period, dye concentration, solution pH, etc. Under UV irradiation(100 mins),

the ternary ZnO/CuO/Eu photocatalyst demonstrated excellent degradation activity of �99 and

�93% for MB and RB, respectively, while for the industrial effluent, a decent degradation activity

of 42% has been recorded. Further experiments have revealed a pH and concentration-dependent
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photocatalytic behavior of the heterostructure photocatalyst. Therefore, the results suggest that the

heterostructure photocatalyst can be potentially applied for wastewater treatment and other envi-

ronmental applications.

� 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Semiconductor-based photocatalytic degradation of hazardous dyes

offers great potential in addressing the fast-growing issue of environ-

mental pollution (Natarajan et al., 2018). Particularly, the toxic

organic dyes used in the textile industry are specifically regarded as a

serious environmental threat, due to their inherent color and capacity

to absorb dissolved oxygen from water bodies (Bharagava and

Chowdhary, 2019). These types of hazardous organic dyes can poten-

tially disrupt the natural photosynthetic process by inhibiting the abil-

ity of sunlight to penetrate water bodies, which ultimately has a

significant impact on the aquatic environment (Pereira and Alves,

2012). Additionally, due to their high stability, these organic pollutants

can exist in the environment for a longer period, and thus are consid-

ered xenobiotics (Khan and Malik, 2014; Malik et al., 2014). There-

fore, untreated textile effluent poses a great risk to both terrestrial

and aquatic life by degrading the natural ecosystem and having a sev-

ere impact on long-term health (Rovira and Domingo, 2019). As a

result, numerous physicochemical and biological mechanisms have

been used to degrade organic dyes, and other new techniques are cur-

rently being actively investigated (Chiu et al., 2019; Dai et al., 2022;

Hannachi and Hafidh, 2020; Paiman et al., 2020; Pandey et al.,

2015; Paździor et al., 2019; Wu et al., 2020). The cost-effective removal

of these colours from effluents is still a significant issue (Dai et al.,

2021; Lv et al., 2019).

Recently, the application of sophisticated oxidation techniques has

attracted a lot of scientific interest in the degradation of hazardous

dyes from industrial effluents (Hassaan et al., 2017; Wang et al.,

2022). These procedures possess a strong ability to degrade a variety

of complex dyes and hazardous organic compounds from wastewater

and have also been proven to be economical and environmentally

friendly (Mehrizad and Gharbani, 2014; Tabatabaei et al., 2011).

Advanced oxidation processes are often carried out under light irradi-

ation including solar or ultraviolet light in the presence of photocat-

alysts (Ataei et al., 2021; Qrajhdaghy et al., 2022). While, in several

cases, H2O2 and ultrasonication have also been utilized to accelerate

the process of adsorption or degradation of dyes on the surface of

photocatalysts (Navarro et al., 2017). Among a variety of catalysts,

semiconductor-based photocatalysts like Fe2O3, CdS, V2O5, ZnO,

ZrO2, TiO2, and others have been widely used for the degradation

of hazardous organic dyes (Belver et al., 2019; Mehrizad and

Gharbani, 2017; Mosavi et al., 2021; Shaik et al., 2020). Particularly,

ZnO-based photocatalysts have been widely used in the field of envi-

ronmental remediation due to their high chemical stability, excellent

biocompatibility, distinctive electrical structure, and lower price

(Lavand and Malghe, 2015; Pirhashemi et al., 2018; Wetchakun

et al., 2019).

However, the practical applications of ZnO have been mostly hin-

dered by the large band gap and quick recombination of photoinduced

charge carriers. Therefore, ZnO is frequently modified by structural

doping with both metallic and non-metallic materials. Besides, the

techniques of fabricating heterojunctions with a second semiconductor

component have also been widely used to improve charge separation

and enhance the sensitivity of ZnO toward the visible light (Zeelani

et al., 2016). Indeed, the later process of creating heterojunctions offers

exciting probabilities of improving the separation effectiveness of pho-

toinduced charge carriers (Kumar et al., 2020). Due to this, so far,

numerous ZnO-based binary and ternary heterojunctions, including

2D ZnO/ZnS binary heterostructures, ternary heterostructures of
ZnO/Cu2O/Si nanowire arrays, and ZnOZnSGd2S3 nanostructural

arrays, have been successfully fabricated (Hsiao et al., 2019; Ranjith

et al., 2020; Wei et al., 2019; Yu et al., 2019).

Therefore, multicomponent photocatalysts based on rationally

designed ZnO-based ternary heterojunctions, which typically facilitate

electron migration, offer considerable potential for the photocatalytic

degradation of organic dyes (Wang et al., 2019). These devices effi-

ciently increase the range of light absorption and prolong the lifetime

of photogenerated charge carriers (Kumar et al., 2020). However, the

fabrication of effective and affordable multicomponent heterojunc-

tions is still challenging, due to the high-cost, low-stability, less envi-

ronmental compatibility of commonly applied precursors. These

kinds of systems are typically created using a variety of physical and

chemical techniques, such as sol–gel, chemical vapor deposition,

microwave heating, coprecipitation, and hydrothermal and solvother-

mal techniques (Lee et al., 2016). These approaches often require

expensive equipment, prolonged reaction times, and higher tempera-

tures; as a result, the development of more simple procedures is highly

crucial.

Solution combustion, on the other hand, is a simple approach that

is inexpensive, time and energy efficient, and easy to use, which can

also be scaled up to obtain large quantities of nanomaterials (Kumar

et al., 2017). Combustion processes are self-propagating high-

temperature methods involving an external thermal source which

ignites exothermic reaction mixture (Varma et al., 2016). This causes

a rapid increase in the temperature (1000–3000 �C) which propagates

through the heterogeneous mixture in a self-sustained manner leading

to the formation of the solid material (Aruna and Mukasyan, 2008).

Typically, the initial reaction medium in conventional combustion syn-

thesis is a powder mixture, however, when it is replaced with reactive

solution, the process is referred as solution combustion (Wen and Wu,

2014). This method usually involves a self-sustained reaction in solu-

tions of metal nitrites and different fuels. In other words, liquid solu-

tions of desired reagents, when heated to a moderate temperature

(150–200 �C), ignite themselves leading to a rapid increase in the tem-

perature, which ultimately facilitate the formation of fine solid prod-

ucts with tailored composition (Xu et al., 2019). This technique has

been effectively utilized for the preparation of a variety of advance

nanomaterials using different types of fuels and raw materials

(Siddique et al., 2022).

Additionally, this process can also be successfully used with eco-

friendly raw materials as reported in our previous studies (Adil

et al., 2013; Aruna and Mukasyan, 2008; Saif et al., 2019). Therefore,

herein we have investigated the production of ZnO-based ternary

heterojunctions involving other components like photoactive metal

oxide (CuO) and a lanthanide (Eu) using a facile solution combustion

process. The as-prepared heterostructure nanomaterial was further

used as a photocatalyst for the degradation of methylene blue (MB),

Rhodamine-B (RB) and effluent collected from textile industry under

UV irradiation.

2. Materials and methods

With no further purification, raw materials of analytical grades

such as,zinc nitrate hexahydrate (Zn(NO3)2�6H2O (Sigma-
Aldrich)), copper acetate monohydrate (Cu(CH3CO2)2�H2O
(Sigma-Aldrich)) and europium nitrate hydrate (Eu(NO3)3-

�5H2O (Sigma-Aldrich)) are employed. To make a model waste

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 2 XRD patterns of ZnO/CuO/Eu nanostructure and a

comparative ZnO, CuO and Eu diffraction patterns.
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water sample containing methylene blue (SD fine chemicals)
and Rhodamine -B (SD fine chemicals) dye solutions are pre-
pared with distilled water. Effluent collected from nearby dye-

ing unit is filtered, centrifuged and used.

2.1. Synthesis of ZnO/CuO/Eu

In 10 mL of distilled water, stoichiometrically calculated
amounts of zinc nitrate, copper acetate, and europium nitrate
48.5 wt% Zn(NO3)2, 48.5 wt% Cu(CH3CO2)2, and 3 wt% Eu

(NO3)3�5H2O are dissolved, and 4.5 mL of cowpea (Vigna
unguiculata) skin extract is added. The mixture is then contin-
uously stirred for 20 min on hot plate maintained at 60 �C. The
thoroughly mixed reaction mixture is then inserted into a muf-
fle furnace which is adjusted and maintained at 400 �C. A dark
brownish powder is produced after 10 min, which is calcined at
the same temperature for 3 h. Cowpea extract was prepared by

boiling 50 g of cowpea skin in 200 mL of distilled water for
50 min. Then the filtrate was used for the synthesis of ZnO/
CuO/Eu NPs.

3. Results and discussion

3.1. UV�Vis spectrum

The UV–vis absorption spectrum of the as-prepared ZnO/

CuO/Eu NPs is displayed in Fig. 1(A). The as-prepared
heterostructure reveals absorption bands throughout the spec-
trum, however as previously reported by Khorsand Zak et al.

the band gap calculations are carried out by inity evaluating
the first derivative of the absorbance spectrum and finding
the maximum in the derivative spectrum in the sides of lower
energy (Zak et al., 2011). The band gap calculated was

3.3 eV Fig. 1(B). A wide range of absorption of light helps
in effective photocatalytic degradation and enhances the effi-
ciency(Shubha et al., 2021).

3.2. X-ray diffraction

The prepared mixed metal oxides are subjected to X-ray

diffraction (XRD), and the obtained diffractograms are shown
in Fig. 2. A comparative XRD of CuO, ZnO, and Eu are also
Fig. 1 (A) UV–Visible spectrum and (B) band gap spe
included in this figure. The evaluation of the diffraction pat-

tern obtained for ZnO/CuO/Eu NPs provides evidence that
the as-prepared heterostructures are crystalline in nature.
The pattern obtained corresponds to the mixture comprising

hexagonal structures of ZnO, CuO, and Eu. The powder
diffraction pattern of CuO is shown with monoclinic structures
(JCPDS no: 1-1117) with a lattice parameter a = 4.653 Å,

b = 3.410 Å, c = 5.108 �Aand with a space group C2/c (no.
15). Hexagonal Eu NPs are shown with a heterostructure
(JCPDS no 65-368), a lattice parameter a = 3.39800,
c = 5.38500 and a space group P63/mmc (no. 194). Moreover,

Fig. 2 also shows that the diffraction pattern obtained for ZnO
is similar to the reference XRD pattern of ZnO obtained from
ICSD, which is hexagonal with the heterostructure (JCPDS no

36-1451) and lattice parameters a = 3.24982 Å and c = 5.20
661 Å, while the space group is P63mc (no. 186).

3.3. FT-IR spectrum

Fig. 3 shows the ZnO/CuO/Eu NPs’ FTIR spectrum. A CuO
NP’s FTIR spectrum displays large absorption bands between

2800 and 4000 cm�1, which are primarily attributed to OH
from the hydroxyl group and are likely caused by water that
ctrum of as prepared ZnO/CuO/Eu heterostructure.



Fig. 3 FTIR spectrum of as-prepared ZnO/CuO/Eu

heterostructure.

4 J.P. Shubha et al.
has been adsorbed from the atmosphere on the NPs’ surfaces

as well as C-O (due to atmospheric carbon dioxide) groups
on the surfaces of ZnO/CuO/Eu NPs (Padil and Černı́k,
2013). The development of the Eu phase is characterized by
a peak at 3566 cm�1 (Mohamed and Abu-Dief, 2018). The

C=O stretching of acetate causes a peak to appear at
1062 cm�1. The M-O and M-O-M stretching modes of vibra-
tional frequencies of metals interconnected by common oxygen

atoms, which are also visible in the FTIR spectrum of ZnO,
are responsible for the characteristic peaks less than
1000 cm�1, i.e. 561 cm�1 (Julien and Nazri, 1998).

3.4. Microscopic analysis

3.4.1. SEM analysis

The morphological features of the as-prepared heterostructure,
that is, ZnO/CuO/Eu, are obtained by field emission scanning
electron microscopy (FESEM) analysis, and the achievement

of the nanostructured heterostructure is confirmed by TEM
analysis, and the results obtained are given in Figs. 4 and 5.
Fig. 4 FESEM images (a) and (b) of ZnO/CuO/E
The low-magnification FESEM image shown in Fig. 4a
reveals that ZnO/CuO/Eu is composed of clusters of particles
as well as flakes. Fig. 4b is the high-magnification FESEM

image which shows that part of the material is in the form of
flakes in which all the flakes are interconnected and form a net-
like structure with large pores. Based on the previously

reported literature, it can be assumed that the flake-like mor-
phology could belong to the CuO component of the
heterostructure, while the clusters could be the ZnO and Eu

NPs in the heterostructure (Ma et al., 2019).

3.4.2. TEM analysis

Fig. 5 shows the TEM images of the ZnO/CuO/Eu

heterostructure. Fig. 5a�c shows the low- and high-
magnification images which demonstrate that the spherical
particles are distributed all over the sample, as well as some

incidents of agglomerations, can be observed. The sizes of
the particles are in the range between 20 and 60 nm. The
selected area electron diffraction pattern (Fig. 5d) indicates a
polycrystalline form of the material, and the reflection planes

obtained are very much in alignment with the information
deduced from the XRD pattern.

3.5. Photocatalytic analysis

According to the theory of semiconductor photocatalysis, the
strength of the photocatalyst is determined by its shape, band

gap, surface area, particle size, crystalline nature, and quantity
of hydroxyl ions on its surface (Pourahmad et al., 2010).
According to the theory, when light is absorbed by a semicon-

ductor, an electron and a hole are created on its surface. These
electrons and holes will either participate in the process or
recombine. If the charge carriers are given an external surface,
they will move to the location where the semiconductor traps

the electrons while the hydroxyl radicals trap the holes and
produce OH� and HO2

� . Because there is more surface area
available in ternary structures for the translocation of charge

carriers, MB is effectively broken down by the generated
hydroxyl ions. According to the UV–vis spectroscopy data,
the produced heterostructure is active in both the UV–vis
u heterostructures at different magnifications.



Fig. 5 TEM images of ZnO/CuO/Eu heterostructure with (a) low magnification, (b) high magnification showing particles, (c) HRTEM

showing lattice fringes, and (d) electron diffraction image.
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and the visible regions. Additionally, the computed band gap
resulted in Eg = 3.30 eV.

MB and RB are used as the standard pollutant for photo-

catalytic degradation in the study, and the variation of absorp-
tion peak intensity recorded at 663 nm (kmaxof MB and
Effluent) and 568 nm (kmax of RB) is used to evaluate the pho-

tocatalytic performance of the heterostructure, i.e. ZnO/CuO/
Eu. 100 mL of an aqueous solution with MB, RB concentra-
tions of 5, 10, 15, and 20 ppm and while in the case of indus-

trial effluent 5, 10, 15, and 20 mL are taken for the degradation
experiments. There are different amounts of the as-prepared
heterostructure are employed such as 5, 10, 15, and 20 mg of

ZnO/CuO/Eu. The mixture is aerated for 40 min in the dark
after being combined with mixed metal oxide. By routinely
removing 3 mL of the aqueous mixture as a sample from the
solution at intervals of 30 min and centrifuging it, it is possible

to study the kinetics of the degradation. A similar procedure is
followed by the reaction wherein the samples are exposed to
UV irradiation or sunlight. The initial (Ci) and final (Cf) dye

concentrations in the system are confirmed by the absorbance
spectra obtained by using UV–vis spectroscopy, and the per-
centage of dye degradation is calculated by replacing the val-

ues obtained in Eq (1).

% of degradation ¼ ðCi � CfÞ
Ci

� 100 ð1Þ

A variety of parameters are studied for the optimization of
the heterostructures such as light source, % of Eu doping, the

dosage of catalyst & dyes, and, pH.
3.5.1. Effect of the light source

Since the as-prepared heterostructure is photolytically active in

both the UV region and in the visible region as confirmed from
the UV�vis spectra, the first set of studies is designed to con-
firm the light source that can yield the best performance of the

as-prepared heterostructure. Hence, the photocatalytic degra-
dation of MB and RB is carried out by employing the as-
prepared catalyst, i.e.ZnO/CuO/3 wt% Eu heterostructures

in three different environments, i.e. under sunlight, UV ray
irradiation, and in the dark. In the case of the experiment car-
ried out in the dark, the degradation of MB is found to be neg-

ligible i.e. �5%. However, in the case of exposure to visible
light and UV, the degradation of MB obtained is 45% and
99%, respectively, which is significantly higher than the degra-
dation obtained in the sample. In the case of degradation of

RB, similar results are observed, a 37% and 93% degradation
is obtained in case of exposure to visible light and UV, respec-
tively, moreover, in the dark, the degradation activity against

RB is the least. The graphical illustration is given in Fig. 6.

3.5.2. Influence of mole % of Eu doping

Three different samples of ZnO/CuO/Eu with varying wt.% of

Eu (1 wt%, 3 wt%, and, 5 wt%) are prepared. The photocat-
alytic efficiency of all the samples is tested. From the results
obtained, it can be observed that the nanocomposite ZnO/

CuO/1% wt. Eu starts with �20% degradation of both the
dyes tested i.e. MB and RB, however with the continuation
of the reaction under sunlight the degradation proceeds to

8% and 76% degradation of the dyes MB and RB,



Fig. 6 Variation of the light source on the degradation of (A) MB and (B) RB.
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respectively. With the catalyst with 3 wt% doping of Eu i.e.
ZnO/CuO/3% wt. Eu exhibits a similar degradation pattern
as that of 1% catalyst until 60 min of the reaction, however,

there is a steep rise in the degradation of dyes until 80 min
of the experiment and the % degradation of MB is more com-
pared to RB, i.e. 97% and 82% within 80 min of reaction time.

However, the degradation of MB proceeds towards complete
degradation i.e. 100% within 100 min of reaction time. More-
over, with the ZnO/CuO/5% wt. Eu, a 78% and 70% photo-

catalytic degradation of MB and RB, respectively, is observed.
Hence it is concluded that the 3 wt% of Eu is optimum for the
best photocatalytic performance of the prepared nanoparticles.
The results obtained for the photocatalytic degradation of MB

and RB employing catalysts with varying percentages of Eu in
the system are graphically illustrated in Fig. 7. Therefore, all
further optimization studies for the degradation are carried

out with catalyst ZnO/CuO/3% wt. Eu, i.e. 3 wt% Eu sup-
ported ZnO/CuO nanoparticles.

To further ascertain the role of Eu in the acceleration of the

photocatalytic degradation of the dyes the photocatalytic
activity of the as-prepared catalyst, that is, ZnO/CuO/3 wt%
Eu is compared with the individual components of the catalyst,
that is, ZnO and CuO under the similar experimental condi-

tions. It is observed that the degradation of MB obtained is
20% and 62% while the degradation of RB obtained is 28%
and 61%, respectively, which is much lower than the 99%,

and 93% obtained from the use of the as-prepared catalyst,
Fig. 7 The photo-degradation of industrial dyes MB and RB by emp

3%, and (C) 5%.
indicating the synergistic effect of all the three components
of the catalyst on the degradation of MB, and RB. The graph-
ical illustration of the degradation of MB and RB using ZnO

and CuO is given in Fig. 8.
3.5.3. Effect of amount of catalyst

In further continuation of the study after the confirmation of

the optimum wt. % of Eu in the catalytic system and the
source of light for the efficient photocatalytic performance of
the as-prepared heterostructure, the optimum amount of cata-

lyst for the degradation of MB and RB is evaluated by varying
the catalyst in the range 5–20 mg with a constant dosage of
MB and RB (6 ppm) under UV radiation. An 89% and 58%

degradation of MB and RB is observed when 5 mg of photo-
catalyst is used. When the amount of catalyst is increased from
5 to 15 mg, and, an increase in the degradation of MB i.e. from
89% to 99% is observed, while in the case of RB the increase is

significant i.e. from 58 to 93%. However, when the amount of
catalyst is increased further to 20 mg, then a slight decrease in
the degradation efficiency of the catalyst is observed in the case

of MB i.e. from 99% to 97%, and, an increase in degradation
is observed with regard to RB (97%). This reduction in the
degradation efficiency with regard to MB may be due to accu-

mulation and sedimentation of the catalyst particles at higher
concentrations, which in turn causes the increase in light scat-
tering, which results in a decrease in the light path inside the
loying X wt.% Eu supported ZnO/CuO nanoparticles (A) 1%, (B)



Fig. 8 Degradation of MB and, RB using (A) ZnO and (B) CuO.
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solution; moreover, the higher concentration of the catalyst
may also cause agglomeration of the photocatalyst, ensuing
a decrease in the number of photocatalytic active sites

(Ghaly et al., 2017; Pourahmad et al., 2010; Sakthivel et al.,
2003). Hence, the optimum amount of photocatalyst for effi-
cient degradation of MBis 15 mg and, in the case of RB is con-

firmed as 20 mg. The results obtained are graphically
illustrated in Fig. 9.

3.5.4. Effect of concentration of dyes

Further, the efficiency of the as-synthesized heterostructure,
i.e.ZnO/CuO/3 wt% Eu NPs, is evaluated for varying concen-
trations of MB and RB in the range of 3–12 ppm under UV

irradiation with the amount of catalyst employed as 15 mg.
From the results obtained, it is observed that the degradation
of MB and RB decreased from 99 to 87% and 93 to 70%,

respectively, when the concentration of dye is increased from
3 to 12 ppm. This may be attributed to the decreased absorp-
tion of light on the surface of the photocatalyst with an
Fig. 9 Effect of variationof the amount of photocatalyst i.e. ZnO/C
increase in dye concentration, which leads to a reduction in
the generation of hydroxyl radicals, playing an important role
in the degradation of MB and RB present in the system. There-

fore, it is essential to increase the suitable concentration of
photocatalyst with increased dye concentration (Fig. 10).

3.5.5. Effect of pH

For decades, heterogeneous photochemical reactions on semi-
conductor surfaces have been investigated for their possible
use as catalysts for the breakdown of organic contaminants

and the splitting of water. Photogenerated electrons and holes
can initiate reduction and oxidation reactions when they move
to semiconductor surfaces. The high rate of photogenerated

carrier recombination and the back-reaction of intermediate
chemical species are two of the biggest issues. One possible
way to boost the total photochemical reactivity has been the

spatial separation of electrons and holes by internal fields or
charged surfaces. For instance, a negatively charged (positively
charged) surface domain will draw holes (electrons) and so
uO/3 wt% Eu NPs, on the degradation of (A) MB and (B) RB.



Fig. 10 Effect of variation of concentration of dye on the degradation efficiency of the ternary heterostructure i.e. ZnO/CuO/3 wt% Eu

NPs, on (A) MB and (B) RB.
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encourage the photoanodic (photocathodic) reaction. The
overall reaction will be accelerated as long as the surface has
both photoanodic and photocathodic domains. The slower

half-reaction sets a maximum on the overall reaction rate since
the two half-reactions must run at the same speed to maintain
charge neutrality. The fastest reaction will slow down if a

potential to speed up the slower reaction is applied, while the
fastest reaction will speed up when a potential is applied to
stop either of the two half-reactions from limiting the overall

rate. By changing the pH, one can alter the potential of parti-
cles in a solution. The band bending in the semiconductor, the
quantity of charge adsorbed on the surface, the surface poten-
tial, and the concentration of free charge carriers at the surface

are all affected by the solution pH. The pH will have an impact
on the total reaction rate since the photochemical reactivity is
directly proportional to the quantities of accessible charge car-

riers. The results confirmed that the alteration of photocat-
alytic activity of ZnO/Eu/CuO is increased with pH from 4
to 10. The maximum photocatalytic activity of ZnO/Eu/CuO

falls out at pH = 7. It may be attributed to the effect of Eu
Fig. 11 Effect of variation of pH on the d
and CuO nanoparticles on the recombination of generated
electron-hole pairs. The Eu-doped ZnO/CuO nanoparticles
(with a wider band gap) on the outer surface lead to the indi-

viduation of generated electron-hole pairs. Therefore, the
increment of available surface improves the isolation of
electron-hole pairs. Based on the results given in Figs. 11

and 12 B, it can be deduced that the photo-degradation of
MB and RB at pH = 7 is higher than that of pH = 4 and
pH = 10. As mentioned before the enhancement of the photo-

catalytic activity of the synthesized photocatalyst at pH = 7
may be due to the aggregation of charge on the outer surface
of the photocatalyst. So, the variation of the pH can be
affected the dispersibility of hybrids in the solution

(Lingampalli et al., 2013; Manjunath et al., 2016).

3.6. Industrial effluent degradation study

With the excellent results obtained regarding the degradation
of commonly used dyes such as MB and RB, the ternary
heterostructure, i.e. ZnO/CuO/X wt.% Eu NPs, are put to test
egradation efficiency of ZnO/Eu/CuO.



Fig. 12 Effect of (A) light sources and (B) pH on the degradation efficiency of the as-prepared ternary heterostructure, i.e. ZnO/CuO/X

wt.% Eu NPs.
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against the industrial effluent for their degradation efficiency in

the real-time scenario. To begin with, the catalyst, i.e. ZnO/
CuO/X wt.% Eu NPs, is tested for their activity in the presence
of UV light, sunlight, and, in the dark for the degradation of

industrial effluent. The results obtained are graphically illus-
trated in Fig. 12A. From the results obtained it can be
observed that the degradation of the effluent is maximum

when the solution is exposed to UV light with a 42% degrada-
tion of effluent is observed. The sunlight exposure yielded a
19% degradation of effluent and is negligible in the dark.
The degradation of effluent is much lower than the degrada-

tion observed in the case of MB and RB, this can be due to
the presence of other impurities which could block the active
sites of the ternary heterostructure, unlike the pure MB and

pure RB tested. Another study carried out is the effect of pH
Fig. 13 Effect of (A) concentrations of catalyst and (B) effluent on th

i.e. ZnO/CuO/X wt.% Eu NPs.
on the degradation efficiency of the as-prepared ternary

heterostructure, i.e. ZnO/CuO/X wt.% Eu NPs on the indus-
trial effluent. The results are like the ones obtained about the
degradation of MB and RB. In case, when the effluent solution

is acidic or neutral the degradation efficiency of the as-
prepared catalyst is low and when the pH is high i.e. 10, the
degradation efficiency is the highest. The results are illustrated

in Fig. 12B.
Regarding the amount of catalyst and the appropriate con-

centration of the effluent, it is observed that the ternary
heterostructure behaves similar way as observed in the case

of MB and RB. It is observed that as the amount of catalyst
is increased the degradation of effluent is linear to the amount
of catalyst. The variation in the amount of catalyst is carried

out from 5 mg to 20 mg and the best degradation percentage
e degradation efficiency of the as-prepared ternary heterostructure,
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is obtained when the effluent mixture is exposed to 20 mg of
catalyst. The concentration of the effluent solution is also stud-

ied wherein the amount of effluent in the solution is varied
from 3 mL to 12 mL and it is observed that as the concentra-
tion of effluent is increased, a decrease in the degradation per-
centage is observed. The results obtained are graphically

illustrated in Fig. 13 A and B.

3.7. Photocatalytic mechanism

Based on the above experimental findings, a possible mecha-
nism for the enhanced photocatalytic efficacy of ZnO/CuO/
Eu photocatalyst upon visible light irradiation is proposed

and schematically illustrated in Scheme 1. Under irradiation,
the ZnO/CuO/Eu photocatalyst can be readily excited, and
electron-hole pairs are generated on its surface. Moreover,

due to the presence of Eu doping in the photocatalyst, most
probably sublevels beneath the conductive band are intro-
duced and hence enhance the UV and visible light response
(Kumar and Rao, 2017; Qi et al., 2017; Zheng et al., 2012).

Hence, the excited electrons and holes could be efficiently sep-
arated, overturning the potential of charge carrier reunion;
consequently, �OH active radicals are generated from the elec-

trons in the CB over a two-electron oxidation path, which
directly decomposes the organic pollutant, MB RB dyes or
effluent. As a result, the photoinduced �OH and h+ active rad-

icals are responsible for the degradation, and the plausible
mechanism is summed up as follows.
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4. Conclusion

Herein, the feasibility of solution combustion synthesis (SCS) has been

tested for the preparation of zinc oxide-based ternary heterostructure

ZnO/CuO/Eu (1%, 3%, and, 5% of Eu) photocatalyst. For this pur-

pose, an environmental-friendly, waste cowpea skin extract was used

as fuel, which has facilitated the formation of highly crystalline, tern-

ary heterostructure particles, as a result of the highly exothermic con-

ditions prevailing in SCS. The heterostructure photocatalyst

demonstrated considerable enhancement towards the degradation of

MB and RB under UV light irradiation, with �99% removal of model

compounds within 100 mins. However, in the case of the real sample

i.e. industrial effluent, the photocatalytic activity was relatively low

leading to a degradation of �42% only, which could be due to the

presence of a spectrum of dyes and the as-synthesized catalyst is not

capable of degrading the entire spectrum of dyes and hence the degra-

dation % is much less than the individual dyes tested. The results have

revealed an optimum amount of photocatalyst and concentration of

the dye is responsible for maximum degradation activity. Besides, sev-

eral other parameters have also been investigated which contributed to

the improvement of the photocatalytic performance of ZnO/CuO/Eu

ternary heterostructure.
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