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ABSTRACT

ZnO based ternary heterostructure ZnO/(X wt%)La,;03/NiO (X = 1%, 3% and 5% of La,03) nanoparticles
were successfully synthesized employing waste curd as fuel by facile one-pot combustion procedure.
The composition, morphology and structure of the fabricated heterostructures were characterized using
various microscopic and spectroscopic instruments including using XRD, FTIR, UV-Visible, EDX, FESEM
and HRTEM analysis. To evaluate the photo-catalytic degradation efficacy of the prepared ternary
nanocomposite, textile dye methylene blue (MB) was selected as benchmark reaction under solar irradi-
ation. The influence of several catalytic variables including light source, catalyst loading, photocatalyst
dose, MB concentration, irradiation time, and pH value on the photo-degradation performance was sys-
tematically examined and the results were discussed. The results reveal that 3 wt% La,05 doped ternary
ZnO/NiO photocatalyst exhibits excellent performance towards the photocatalytic degradation of the
studied dye. The ternary heterostructure i.e. ZnO/(3 wt%) La,03/NiO exhibits superior MB degradation
efficacy of 98% at 150 min under natural solar irradiation. The obtained observations conclude that the
prepared nanocomposite exhibits pH dependent photo-catalytic efficacy, and for better results, concen-
trations of dye and photocatalysts have to be kept in a specific range. Moreover, different light sources
have also been applied and their results are compared.
© 2021 The Authors. 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

logical pollution (Koutavarapu et al., 2020). The wastewater comes
from aforementioned industries contains dyes and pigments that

Recently, the organic dye molecules and their waste-water
products from fabric, leather, paper, plastic and petrochemical
industries have been seriously polluting the aquatic life
(Maruthupandy et al., 2020). Most of those dyes considered as
main ecological pollutants and roughly 10-15% of the dyes have
been generated in the wastewater which is a major source of eco-
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are extremely deleterious for environment and have mutagenic
and carcinogenic effects on aquatic organisms, surrounding lands,
as well as on human beings causing serious ailments like cancer
etc. .. Furthermore, most of these industrial dyes have highly sta-
bility against temperature, light, chemical compounds and micro-
bial action (Pirkarami and Olya, 2017). Therefore, the
inappropriate treating of noxious chemicals in textile wastewater
also has serious effect on the both terrestrial and aquatic organ-
isms, by negatively affecting the natural environment and causes
long-term health problems (Dutta et al., 2014). Over the last one
decade, various physicochemical and biological techniques have
been carried out for the handling of wastewater came from fabric
industries, however, most of these processes were found to be inef-
fective and expensive (Gonte and Balasubramanian, 2016). Never-
theless, these processes require expensive operation and recurring
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expenses, hence these techniques are not appropriate for small-
scale industry. Therefore, cost-effective, efficacious and eco-
friendly alternative techniques are needed to resolve the above-
mentioned issues of degradation of dyes existents in effluents
(Alharthi et al., 2020).

There are several methods for the degradation of dyes and pol-
lutants from waste-water includes ozonation, coagulation, electro-
chemical degradation, aerobic and an-aerobic microbial
decomposition, adsorption, precipitation and photocatalytic degra-
dation (Shah et al., 2020; Azam et al, 2018). The advanced-
oxidation-processes (AOPs), have been attracted a lot of attention
over traditional processes and considered one of the best tech-
niques for degradation of dyes and pollutants, which includes
metal oxide based semiconductor photo-catalysts, owing to simple
and rapid oxidation (Alharthi et al., 2020). This promising strategy
involves degradation of noxious organic dye molecules via a mech-
anism of oxidation by generation of hydroxyl (OH") free radicals
because of the existence of photo-catalyst under the effect of light
source which could be ultra violet, visible light or sunlight light
irradiation. Semiconductor photo-catalysts are able to degrade
organic dyes and pigments into environmentally friendly and
harmless molecules, including carbon dioxide and water
(Natarajan et al., 2018). Additionally, photo-catalysts have several
merits such as not harmful, economic, consume lower energy, and
can be readily recycled (Li et al., 2017). Ultimately, several
semiconductor-based photo-catalysts are developed, particularly,
oxide semiconductors are found to be effective for the photo-
catalytic degradation of hazardous organic pigments e.g., NiO
(Chaudhary et al.,, 2018), Cu0O, ZnO (Tahir et al.,, 2013), TiO,
(Zhang et al., 2018), and Fe,03 (Tahir, 2020).

ZnO0 is considered as one of the most important semiconducting
oxides, and attracted growing interest owing to its extraordinary
properties for photo-decomposition of harmful organic dyes
(Lopez et al., 2019). Besides, it has enormous applications including
solar cells, transistors, gas sensors, optical devices, and cancer ther-
apy (Shah et al., 2020). ZnO has various advantageous merits like
low cost, earth abundant, environmental-friendly, non-toxic, good
photo-sensitivity, high chemical stability, thermally stable, and
simple synthesis process (Feng et al., 2018). These features make
ZnO an exemplary choice for photocatalyst. These properties make
ZnO0 an excellent choice for photocatalyst. Although these advanta-
geous features ZnO also experiences the drawbacks such as wide
band-gap, the photoinduced electron-hole pairs reunion at a faster
rate and consequently limits the use of ZnO (Hernandez-Carrillo
et al., 2018). It could be inhibiting the fast reunion of photo-
generated charge carriers by decreasing the band gap of ZnO.
Moreover, the light absorption range of ZnO is predicted to be
expanded to the visible light so as to improve the photo-catalytic
efficacy of ZnO. Recently, various techniques have employed to
decrease the ZnO band-gap and increase the photo-catalytic per-
formance, including noble metal doping ions, metal deposition,
carrier load, non-metallic doping, and composite semiconductor
(Tang et al., 2020; Zhao et al., 2017). Among these processes, the
ZnO is supported with both metals and non-metals which leads
to synthesis of heterojunctions with second semiconductor com-
ponent. The synthesis of heterojunctions will provide opportuni-
ties to raise the separation performance of photoinduced charge
carriers. In a recent years, a various ZnO-based binary and ternary
heterojunctions have been synthesized like, binary ZnO/ZnS
heterostructures, ternary ZnO/Cu,0/Si nanowire arrays, and tern-
ary ZnO-ZnS-Gd,S; nanostructural array and so on (Bharathi
et al,, 2019; Saravanakumar et al., 2016; Tahir, 2021).

The ZnO-based ternary heterojunctions offer considerable
potential by encouraging the transfer of electrons attributed to
the existence of multicomponent photo-systems and hence,
enhances the photo-catalytic decomposition of organic dye mole-
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cules (Liu et al., 2014). The heterojunction based ZnO systems effi-
ciently expand the life span of photo-generated charge carriers and
improves absorption of light. A controlled synthesis of ternary
heterojunctions is the necessity of the hour (Martinez-Vargas
et al.,, 2019). The heterojunction based ZnO systems are synthe-
sized through several chemical and physical techniques such as
chemical vapour deposition (CVD), sol-gel, co-precipitation,
microwave heating, solvothermal, and hydrothermal methods.
These processes require high-tech instruments, high temperature
and longer time of reaction conditions (Atla et al., 2018). Contrary
to the aforementioned procedures, the solution combustion proce-
dure is cost-effective, short time consuming, consumes less energy
and needs low effort to carry out the process, additionally; it is
easy to scale up the process. Eco-friendly materials can be used
as starting material and could be efficiently applied in this process.
These parameters which are highly useful persuaded in exploring
the preparation of ZnO-based ternary heterojunctions using
another photoactive metallic oxide and lanthanides (Wang et al.,
2016; El-Barasi et al., 2020).

Nickel oxide (NiO) is also considered as one of the most essen-
tial oxide semiconductors, which has been widely employed in
photocatalytic applications. It can be enhancing the efficiency of
photocatalytic system for generation of electron-hole pairs and
improve the photo-decomposition kinetics by doping with ZnO
attributed to the variation in energy of the band gap (Senobari
and Nezamzadeh-Ejhieh, 2018). The NiO-ZnO based composite is
considered as the most significant photo-catalytic protocols, which
has received a considerable interest. Several reported studies sta-
ted that the enhancement of properties and efficacy of these mate-
rials by doping them with other metal oxides (Pirmoradi et al.,
2017).

In this investigation, an attempt is made to prepare an eco-
friendly and low cost ternary ZnO/(3 wt%)La,;03/NiO heterostruc-
ture through a facile one-step combustion process to achieve
higher photo-degradation efficacy using MB dye as organic pollu-
tant model as displayed in Scheme 1. The synthesized ternary
ZnO/(X wt%)La,03/NiO nanocomposites are employed as photo-
catalyst for decomposition and removal of MB under natural sun-
light irradiation. The ternary heterostructure exhibits an enhanced
photocatalytic performance. Notably, this is the first study on the
preparation and evaluation of photo-catalytic efficiency of ternary
ZnO/(X wt%)La,03/NiO nanocomposite. The photo-catalytic obser-
vations illustrate that the ZnO/(3 wt%)La,03/NiO nanocomposite
show superior photo-catalytic efficacy for the MB degradation
under sunlight irradiation than a dark and UV irradiation, and
approximately 98% of MB is degraded in 150 min under the opti-
mal conditions. This study offers new insights in fabrication of
multicomponent ZnO-based photo-catalysts for environmental
remediation.

2. Experimental section
2.1. Materials

With no further purification raw materials of analytical grades
such as ZH(NO3)2'6H20, Ni(CH3C02)2~4H20, and La(N03)3~6H20
are employed. To make a model waste water sample containing
MB dye (SD fine chemicals) solution is synthesized with distilled
water (DW). Glass wares of BOROSIL make are utilized throughout
the study.

2.2. Synthesis of ZnO/(X wt%)La,03/NiO heterostructure

Equal volume of 0.1 M solutions of Zn(NOs),-6H,0 and Ni(CHs-
C0,),-4H,0 is taken in beaker, while varying the volume of 0.1 M
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Scheme 1. (A) Scheme depiction of the fabrication of ternary heterostructure ZnO/La,03/NiO nanocomposite and (B) Scheme presentation the photo-degradation of MB dye.

solution La(NO3)3-6H,0 is added to obtain varying wt% of La,03 in
the terenary system, which is dissolved in 10 cm® of DW and opti-
mized amount of perished curd i.e. 6 cm® is added to the solution
with stirring for approximately 20 min. Thereafter, resultant sam-
ple is calcined in the muffle furnace at 400 °C. After 10 min a black-
ish green powder is obtained and which is further annealed at the
identical temperature for 3 h.

2.3. Characterizations

The prepared photocatalysts have characterized by employing
several common analysis and all specifics about instruments are
included in supplementary file.

2.4. Photo-catalytic efficiency measurements

Theory of semiconductor-based photocatalysis states that the
surface area, band gap, morphology, crystallinity, particle size,
and amount of OH- free radical on the surface of photo-catalyst
determine its photo-catalytic efficacy (Zhang et al., 2018). The the-
ory elucidates the releasing of electrons and holes on semiconduc-
tor surface by the absorption of light and the produced electrons
and holes will participate in the reaction or they do reunion. If
additional surface is provided for the electrons and holes, they will
relocate where the electrons are caught by semiconductor while
the holes are trapped by hydroxyl ions and produce OH' and
HO:s. For ternary structure, more surface is available for relocation
of photogenerated charge carriers and therefore the produced
hydroxyl ions are utilized efficiently to decompose MB dye. As
per the obtained results from the UV-Vis spectroscopy, it is obvi-
ous that the synthesized heterostructures are active in the UV-
Vis domain and the visible domain. Furthermore, the band gap cal-
culated to be E; = 3.79 eV. To assess the photocatalytic efficiency of
the synthesized heterostructure i.e. ZnO/(X wt%)La;03/NiO, several
parameters such as effect of light source, catalyst loading, photo-
catalyst dose, MB concentration, irradiation time and pH value
are systematically studied and methylene blue is selected as the
standard pollutant for photocatalytic decomposition in the investi-
gation, and the variation of absorption peak intensity recorded at
663 nm (Anax of MB) is monitored to conclude the obtained results.

For the present test, 100 cm® of aqueous solution of changing
concentrations of MB dye such as 2.0, 5.0, 10.0 and 15.0 ppm are
taken for photo-decomposition processes. The dosage of as-
synthesized heterostructure is also varied 5, 10, 15, and 20 mg of
ZnO/(X wt%)La,03/NiO. The solution is mixed with mixed metal
oxide and aerated for 40 min, while kept in the dark. The kinetics

of the degradation is examined by periodically collecting 3 cm? of
aqueous mixture as sample from the solution at times of 30 min,
which is then subjected to centrifugation. From the absorbance
spectra obtained by using UV-Vis spectroscopy, the initial (Cp)
and final (C;) dye concentrations in the system is confirmed and
the calculation for the degradation efficacy is done utilizing Eq. (1):

(Co—Cy)
o

Degradation efficiency = 100 (1)

3. Results and discussion
3.1. Characterization of the ZnO/(X wt%)La,03/NiO heterostructures

The prepared samples are subjected to various characterization
by various spectroscopic techniques. Fig. S1 displays the UV-Vis.
absorption spectrum of the ZnO/(3 wt%)La,03/NiO heterostructure.
The prepared sample exhibits the absorption in the range of (800-
200 nm) with maximal absorption at approximately 242 nm along
with an absorption edge from 390 to 405 nm, this indicates that
the synthesized material is photolytically active in the UV domain
as well as in the visible domain, furthermore it also shows the crys-
talline nature of the synthesized samples (Shubha et al., 2021; He
et al.,, 2005). The band-gap of the prepared photocatalyst is found
to be 3.69 eV which is calculated from Kulbeka-Munk equation.
Broad range of absorption of light assists in efficacious photo-
catalytic decomposition and improves the efficacy.

Fig. S2 demonstrates the XRD analysis of ZnO/(1 wt%)La,;03/NiO,
Zn0/(3 wt%)La,03/NiO and ZnO/(5 wt%)La;03/NiO samples. XRD
patterns of the synthesized samples exhibited a series of character-
istic reflections centered at 31.81°, 34.42°, 36.31°, 47.50°, 56.62°,
66.49°, 67.94°, and 69.09°, which can be respectively belonged to
(100),(002),(101),(102),(110),(200),(112),and (201) planes.
All these fingerprint reflections could be accredited to the ZnO-
hexagonal phase (wurtzite structure) with space group of P63mc,
which is very much in accordance with the reported value (JCPDS
file number 36-1451) (Kumar et al., 2012). Additionally, the
diffraction reflections situated at 37.23°, 43.22°, 62.88°, and
75.36° allocated to the (111),(200),(220), and (311) planes, cor-
respondingly. These peaks are indexed to cubic NiO phase (JSPDS
file number 65-2901) (Barzinjy et al., 2020). Eventually, the peak
at 28.16° which is corresponding to (101) plane, confirms the exis-
tence of hexagonal La,Os; (JCPDS file number 05-0602) (Wang
et al., 2014; Michel and Martinez-Preciado, 2015).

The FT-IR spectroscopy is commonly employed for detection
the functional groups existent on the photocatalyst surface. The
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FT-IR spectrum of ZnO/(3 wt%)La,03/NiO heterostructure is
demonstrated in Fig. S3. The wide-ranging peak situated at nearly
3438 cm ! could be owing to stretching vibrations of (O-H) groups
of physisorbed H,O molecules. Besides, the absorption peak at
approximately 1060 cm™! corresponds to (C=0) stretching vibra-
tions of acetate group. The characteristic peaks appeared at
580 cm™~! ascertained to the stretching vibration of the (Ni-O)
bond (Biju et al., 2003). Ultimately, a peak centered at 864 cm ™!
belonged to the (Zn-0) stretching vibrations (Shubha et al.,
2020). The absorption peaks are noticed at approximately 665,
1020, and 1468 cm™! could be associated with the stretching vibra-
tions of the (La-0) bond (Xiao et al., 2014).

Morphological properties of the synthesized heterostructure i.e.
Zn0/(3 wt%)La,03/NiO are examined using FESEM analysis and the
achievement of the nano-sized heterostructure is ascertained by
TEM analysis, and the attained results are presented in Figs. S4
and S5, respectively. Lower magnification FESEM micrograph is
demonstrated in Fig. S4a discloses that the ZnO/(3 wt%)La,0s/
NiO is composed of clusters of particles and flakes. Fig. S4b & c is
the higher magnification FESEM micrograph which displays the
part of the sample 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 formerly published reports it can be supposed that
the flake like morphology could be belonged to the NiO component
of the heterostructure while the clusters could be the ZnO and
La,03 NPs in the heterostructure.

Morphology and size of the ZnO/(3 wt%)La,;03/NiO heterostruc-
ture are examined via HRTEM analysis at various magnifications as
presented in Fig. S5. Fig. S5(a-c) illustrates the micrographs with
varying magnifications which displays that the spherical particles
are uniformly distributed throughout the sample with some inci-
dents of aggregations could be noticed. The sizes of the particles
are in the range of 10-15 nm. The selected area electron diffraction
(SAED) pattern (Fig. S5d) shows the polycrystalline form of the
material and the reflection planes obtained are consistent with
the observations concluded from the XRD pattern.

The elemental analysis of the prepared ZnO/(3 wt%)La,03/NiO
heterostructure is scrutinized using EDX spectroscopy, as illus-
trated in Fig. S6. It discloses that the synthesized heterostructure
contains the required elemental composition and the elements
are well-dispersed throughout the composition, which could be
play a synergetic role in improving the photo-catalytic efficacy.
Furthermore, the EDX spectra of ZnO/(3 wt%)La,03/NiO
heterostructure, reveals that all the predicted elements like Zn,
La, Ni, and O are existent and the percentage of elemental compo-
sitions are shown in the inset table, which is consistent with the
stoichiometric amounts taken for preparation of the ZnO/(3 wt%)
La,03/NiO heterostructure.

3.2. Photocatalytic performance of ZnO/(X wt%)La,03/NiO
heterostructures

3.2.1. Influence of mole % of La,03 doping

Three different samples of ZnO/La,03/NiO with varying wt% of
Lay03 (1 wt%, 3 wt% and 5 wt%) are prepared. Photocatalytic effi-
ciency of all the samples are tested under identical experimental
conditions (photocatalyst dose (15 mg), MB concentration
(2 ppm) and pH (7) under visible light. The obtained results dis-
close that 3 wt% doping of La,03 exhibits best degradation perfor-
mance under the above-mentioned experimental conditions
(Fig. 1). Therefore, all further optimization studies for the degrada-
tion is carried out with 3 wt% La,03 supported ZnO/NiO
nanoparticles.
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Fig. 1. Impact of weight percentage of 3 wt% La,03 supported ZnO/NiO nanoparti-
cles on MB photo-degradation.

3.2.2. Influence of light source

After the confirmation of the optimum % of La,03 doping for the
effective photo-catalytic efficacy of the synthesized heterostruc-
tures, efforts have been devoted to find out the proper light source
that can give the best degradation performance of the as-
synthesized heterostructure as the as-synthesized heterostructure
is photolytically active in the UV region and visible region as
assured from the UV-Vis spectrum. Therefore, the photo-catalytic
decomposition of MB dye in presence of ZnO/(3 wt%)La,03/NiO
heterostructure is performed in three different environments i.e.
dark, UV light irradiation, and natural solar irradiation. The
obtained data showed that the prepared ZnO/(3 wt%)La,03/NiO
heterostructure is active in UV irradiation as well as in visible light,
as realized by UV-Vis spectra obtained. When the degradation
experiment conducted in the dark, the photo-degradation of the
MB can be neglected. Furthermore, in case of the experiments car-
ried out under visible irradiation and UV irradiation, the results
revealed that the photodecomposition of MB under natural sun-
light irradiation is extremely higher than the photo-degradation
obtained in the UV light irradiation. For visible irradiation, the pre-
pared ZnO/(3 wt%)La,03/NiO heterostructure effectively degrade
95% of the MB dye than UV light irradiation which gave a degrada-
tion of 73% under the similar irradiation period (150 min). Based
on that, it could be concluded that the ZnO/(3 wt%)La,03/NiO
heterostructure is effective photocatalyst under visible irradiation
and the further optimization studies are performed under visible
irradiation. The photocatalytic results obtained are plotted in Fig. 2.

3.2.3. Influence of amount of Zn0O/(3 wt%)La,03/NiO catalyst

After the confirmation of the photocatalyst composition and
light source for the efficacious photocatalytic property of the syn-
thesized ZnO/(3 wt%)La,03/NiO heterostructure, the influence of
photocatalyst dose on photodegradation of MB is also evaluated
by carrying out various degradation experiments at varied amount
of photocatalyst in the range of (5 mg-20 mg) under visible radia-
tion (Fig. 3). The results obviously disclose that the photodecompo-
sition of MB is considerably influenced by the photocatalyst dose. It
is distinct that by increasing the photocatalyst dose from 5 mg to
15 mg, degradation of MB dye enhanced from 65% to 95%. This
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Fig. 2. Impact of light source on MB photo-degradation employing ZnO/La,05/NiO
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Fig. 3. Impact of photocatalyst dose on MB photo-degradation employing ZnO/
(3 wt%)Lay03/NiO heterostructure.

enhancement in the degradation is attributed to the existence of
more photocatalytic active sites in the medium that can generate
more radicals by adding more amounts of ZnO/(3 wt%)La,03/NiO
photocatalyst. Nevertheless, further increase in the photocatalyst
dose to 20 mg leads to a decrease in the degradation efficacy to
86% under the identical photocatalytic conditions. When the pho-
tocatalyst quantity exceeds a critical boundary there will not be
sufficient space to disperse in the solution and the particles can
stick to each other and become aggregated, owing to the particles
surface energy. Hence, the photocatalytic active sites are blocked
or covered-up and the degradation efficacy of the system decreases
(Nezam et al., 2016). Hence, 15 mg is selected as the optimal pho-
tocatalyst amount and is utilized for the rest of experiments to
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optimize other parameters. The obtained data is graphically illus-
trated in Fig. 3.

3.2.4. Influence of concentration of MB

The impact of initial dye concentrations on the decomposition
performance of the MB is also assessed by varying the concentra-
tion of MB from 2 ppm to 15 ppm under visible irradiation while
maintaining the photocatalyst dose of 15 mg constant. The
attained photocatalytic data is graphically presented in Fig. 4.
The obtained results disclosed that the performance of the ZnO/
(3 wt%)La,03/NiO photocatalyst is inversely proportional to the
dye concentration at the similar conditions, i.e. maximum degrada-
tion efficacy is observed at lowest MB concentration (2 ppm). By
raising the MB concentration from 2 ppm to 15 ppm, the degrada-
tion activity of MB gradually declined from 97% to 70%. This pre-
sumably owing to the decreased absorption of light on the
photocatalyst surface by raising the dye concentration, which in-
turn reduces the production of OH radicals which play a vital role
in the photodegradation process. So, it is indispensable to increase
the photocatalyst quantity as the concentration of dye increases.
As a result, the highest degradation performance is achieved at
the MB dye concentration of 2 ppm.

3.2.5. Influence of pH value

It is well known that pH of the solution is one of the most sig-
nificant parameters in the photo-catalytic degradation of organic
dyes attributed to the change in surface charge of photocatalyst,
which in-turn has a considerable effect on the photo-catalytic effi-
ciency. Usually, the photo-catalytic performance of the photocata-
lyst directly related to availability of OH- radicals in the reaction
medium, which improves the photo-catalytic decomposition of
MB dye many folds in alkaline aqueous solution. Fig. 5 displayed
the impact of pH value on photo-degradation of MB dye in pres-
ence of ZnO/(3 wt%)La,03/NiO photocatalyst. The impact of pH
value on the removal of MB is also examined at three different
pH values of 4, 7, and 10. The results illustrated that by raising
the pH value to 10, higher photodegradation is achieved. At lowest
pH value (i.e., pH 4), the lowest degradation performance is
obtained with 52% degradation of MB. As expected, when the pH
of the solution is increased, the ZnO/(3 wt%)La,03/NiO photocata-

100=
—&—2 ppm
=——5 ppm
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—4—15 ppm
g
= 60
2
N
=
=
£ 40-
9
=)
20~
0

0 20 40 60 80 100 120 140 160
Time (min)

Fig. 4. Impact of MB concentration on the catalytic performance of ZnO/(3 wt%)
La,03/NiO heterostructure on the MB photo-degradation.
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Fig. 5. Impact of pH value on the catalytic performance of ZnO/(3 wt%)La,03/NiO on
the MB photo-degradation.

lyst showed maximum degradation activity and approximately
98% degradation of MB has achieved for pH 10. This is possibly
because of the higher pH value which leads to formation of nega-
tive charges on the surface as well as MB is a cationic dye that pos-
sesses a positive charge. Hence, higher amounts of OH' radicals are
adsorbed on the photocatalyst surface and the photo-degradation
process is performed more efficiently in higher pH values
(Motlagh et al.,, 2015). Fig. 6 illustrates that the photocatalytic
decomposition reactions for various pH values at optimum reac-
tion circumstances followed a pseudo-1t-order reaction Kinetics
which is given by Eq. (2) as:

In =kt (2)

where Cy and C; are the initial dye concentration and final dye con-
centration at time t, correspondingly, and k is the first-order rate
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Fig. 6. Psuedo-first-order kinetics for MB photo-degradation over ZnO/(3 wt%)
La,03/NiO photocatalyst.

Journal of King Saud University — Science 34 (2022) 101738

constant. The obtained degradation rate constants (k) are
0.0151 min~!, 0.0427 min~!, and 0.0621 min~"' for the pH values
of 4, 7, and 10, respectively.

3.3. Photoluminescence study

Indeed, the hydroxyl (OH-) radicals are extremely reactive and
non-stable chemical species and had a significant impact in the
photo-catalytic decomposition of industrial dye molecules. To find
out whether the OH' radicals are being formed by the prepared
photocatalyst i.e., ZnO/(3 wt%)La,05/NiO, coumarin has been cho-
sen as a substrate model, which is a sensitive and simple technique
for detection of the OH:' free radicals. In the presence of OH' radicals
produced through ZnO/(3 wt%)La;03/NiO catalyst, coumarin trans-
forms to 7-hydroxy-coumarin which is a luminous compound
shows a photoluminescent (PL) peak at & = 455 nm. In this inves-
tigation, 0.1 g of the ZnO/(3 wt%)La,03/NiO photocatalyst is added
to the 50 mL of coumarin solution with concentration of 0.001 M
under natural solar irradiation. At passing 10 min, 2 mL of the sam-
ple is injected to the PL instrument, which showed that the exis-
tence of PL peak at . = 455 nm (Fig. 7), confirming that the
production of OH' radicals, an essential chemical species for the
photo-degradation of dye molecules (Nagaraju et al., 2017). Conse-
quently, it can be stated that the photodecomposition of MB dye
occurs through a free-radical mechanism over the prepared ZnO/
(3 wt%)La03/NiO photocatalyst.

A comparison of outstanding photo-catalytic degradation effi-
cacy of the ZnO/(3 wt%)La,03/NiO photocatalyst for photodecom-
position of MB with formerly reported ZnO-based photo-catalytic
systems, as compiled in Table 1. It is distinctly noticed that ternary
the ZnO/(3 wt%)La,03/NiO photocatalyst in the current study exhi-
bits superior photo-degradation efficiency.

3.4. Photocatalytic mechanism

The photocatalytic degradation mechanism is suggested and
schematically presented in Scheme 2, illustrating transfer and par-
ticipation of photo-produced electrons in the conduction band (CB)
of semiconductor La,03 NPs and their involvement in the reduction
reactions under natural solar radiation.

600

PL Intensity (a.u)

400 420 440 460 480 500 520 540
Wavelength (nm)

Fig. 7. PL spectrum indicating production of OH' radicals via ZnO/(3 wt%)La,03/NiO
photocatalyst.
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Table 1
Comparison of photo-catalytic efficacy of ZnO/(3 wt%)La,03/NiO for MB decomposition with previously reported analogous photo-catalysts containing ZnO NPs.
Catalyst MB conc. Photocatalyst dose Light source t.(min) Degradation (%) Ref.
ZnO/(3 wt%)La,03/NiO 2 ppm 15 mg Sunlight 150 98 Herein
NiO-ZnO-Ag 10 ppm 20 mg UV lamp 90 94 (Aydoghmish, Hassanzadeh-Tabrizi, and Saffar-Teluri, 2019)
Zn0-Si0, 9 ppm 10 mg Sunlight 90 97.8 (Stanley, 2019)
ZnO/PAN 10 ppm 50 mg Sunlight 450 99.2 (Zhou et al., 2018)
ZnO NWs 10 ppm 100 mg/L Sunlight 4320 100 (Mahana et al., 2020)
ZnO/GRO 25 ppm 100 mg Sunlight 105 86.9 (Zarrabi, Haghighi, and Alizadeh, 2018)
N/La-ZnO 15 ppm 50 mg Sunlight 60 97 (Youssef and Yakout, 2020)
TiO,-ZnO/rGO 03 ppm 0.1¢g/L 300 W Xe-lamp 120 92 (Wang et al., 2016)
ZnO-Cu 0.03mM 5 mg 10 W UV-lamp 180 60 (Shah et al., 2020)
ZnO-supported MnO 100 ppm 40 mg 15 W UV-lamp 120 95 (Siddique, Fayaz, and Saeed, 2020)
1.5%Nd-Gd-ZnO 20 mg/L 100 mg/L 300 W Vis. light 120 93 (Akhtar et al., 2020)
Ce-Ag-ZnO/Fe304 10 ppm 30 mg 15 W UV lamp 100 99 (Heshmatpour and Abdikhani, 2019)
Cu,0-Zn0O 2 ppm 0.4 g/L 100 W W-lamp 60 78 (Norouzi et al., 2021)
TiO,/ZnO/rGO 03 ppm 0.1¢g/L 300 W Xe-lamp 120 92 (Raghavan, Thangavel, and Venugopal, 2015)
RGO-Ag/ZnO 10 ppm 50 mg UV lamp 120 99 (Belachew et al., 2020)
WO05/Zn0@rGO 5 ppm 10 mg 200 W Vis. light 90 94.1 (Chaudhary et al., 2020)
Zn0O/Cu/rGO 10°M 25 mg 300 W Xe-lamp 60 97 (Asgharian et al., 2019)
GaN-ZnO/g-C5Ny 50 ppm 100 mg 75 W Vis. light 300 98.1 (Van et al., 2020)
Ag-ZnO 40 ppm 400 mg/L Vis. light 120 96.2 (Satdeve, Ugwekar, and Bhanvase, 2019)

Scheme 2. Scheme depiction of degradation methodology of MB.

4. Conclusions

In summing up, we have efficiently fabricated heterojunction
ZnO/(X wt%)La,03/NiO photocatalysts with different percentages
of La,03 as a dopant via an eco-friendly and facile combustion
method. The characterization of the as-synthesized material
reveals the crystalline nature and nano-sized ZnO/(3 wt%)La,0s/
NiO heterostructure with 3 wt% La,Os . The photo-degradation
reactivity of the synthesized ZnO/(3 wt%)La,03/NiO nanocompos-
ites has been assessed via the photo-decomposition of MB dye as
a benchmark reaction under natural sunlight irradiation. Results
of MB degradation disclosed that the as-fabricated photocatalyst
is highly effective and the degradation performance is considerably
influenced by the variations in light source, catalyst loading, cata-
lyst dose, MB concentration, irradiation time and pH of solution
and the kinetics of the photocatalyst showed that 98% degradation
in 150 mins under the optimal experimental conditions. Hence,
further studies into the kinetics and fine-tuning of the economic
and eco-friendly catalyst is in progress and will be reported in
future. Hence, further investigations into the kinetics and fine-
tuning of the environmental-friendly and economic catalyst is in
progress and shall be reported in future. Eventually, the results
demonstrated that the ZnO/(3 wt%)La,03/NiO nanocomposite has
found to be an efficacious photocatalyst for the photo-

decomposition of MB under natural sunlight radiation without
any harmful impact on the environment.
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