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ABSTRACT: The photodegradation of organic pollutants using metal oxide-
based catalysts has drawn great attention as an effective method for wastewater
treatment. In this study, zinc oxide nanoparticles (ZnO NPs) and zinc oxide/
copper oxide nanocomposites (ZnO/CuO NCs) were fabricated using the leaf
extract of Croton macrostachyus as a nontoxic, natural reducing and stabilizing
agent. The synthesized samples were characterized by employing X-ray
diffraction, microscopic, spectroscopic, and electrochemical methods. The [rmpmcino /t:gzr;.::::.;'ﬂ
results confirmed the successful synthesis of ZnO NPs and ZnO/CuO NCs )

with well-defined crystalline structures and morphologies. The prepared
samples were tested for the photodegradation of methylene blue (MB) dye
under visible light irradiation. Compared to ZnO NPs, ZnO/CuO NCs showed
greatly improved photocatalytic performances, particularly with the sample | oy namen  TEMngeoZIOCONC  proauccaza0/cuo Nes
prepared with the 20 mol % Cu precursor (97.02%). The enhancement could

be related to the formed p—n heterojunction, which can suppress the recombination of charge carriers and extend the
photoresponsive range. A theoretical study of the photocatalytic activity of ZnO/CuO NCs against MB dye degradation was also
conducted by using COMSOL Multiphysics software. The results of the simulation are in reasonable agreement with those of the
experiment. This study contributes to the development of sustainable and effective photocatalytic materials that are suitable for
application in environmental remediation, particularly in the treatment of wastewater.
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1. INTRODUCTION Among various well-known metal oxide NPs, ZnO has been
intensively investigated for photocatalytic purification of
wastewater due to its nontoxicity, chemical stability, low
price, abundant availability, green characteristics, and large
exciton binding energy.g’m However, the fast recombination of
photogenerated charge carriers and a low response to visible
light limit the photocatalytic activity of ZnO in practice.'"'” In
order to overcome the limitations faced by pristine ZnO,
several modifications aimed at enhancing the spectral response
and the charge-separation efficiency have been employed by
different researchers. Among the various studied approaches,
the formation of composites with other narrow band gap
semiconductors or with other nanostructured materials such as
noble metals or graphene has been reported as the most

Environmental problems associated with water contamination
are very significant issues correlated negatively with human
health and the ecosystem. The uncontrolled release of
contaminated wastewater from various industries has led to
serious environmental contamination. In particular, various
recalcitrant organic pollutants, such as pesticides and dyes, are
carcinogenic and toxic and pose a serious hazard to human and
aquatic life.' The current conventional water treatment
methods are expensive, complex, and ineflicient for the
complete degradation of persistent organic pollutants.' ™
Thus, more efficient, low-cost, and eco-friendly techniques
are needed to remove these contaminants from wastewater.
Photocatalytic degradation of water pollutants by solar energy
is a reliable way for environmental remediation with minimal

associated costs.”® Heterogeneous photocatalysis on semi- Received: ~August 19, 2023
conducting metal oxide nanoparticles (NPs) is a promising and Revised:  November 19, 2023
sustainable process for the removal of various organic and Accepted: November 27, 2023

inorganic contaminants from water using abundantly available Published: December 19, 2023

solar light irradiation,”™® while its viability, in practice, is highly
dependent on effective photocatalysts.
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promising strategy to improve the photocatalytic activity of
ZnO."" =™ In particular, the coupling of n-type ZnO with p-
type narrow-bandgap CuO to form a p—n heterojunction has
been considered an effective approach to suppress the e"—h*
recombination and to optimize the photoresponding range.
Many researchers have reported on the enhanced photoactivity
of ZnO/CuO NCs with respect to pristine ZnO and CuO for
photodegradation of various pollutants under UV as well as
visible light irradiation.'*™*° Recently, Maru et al. prepared
zinc oxide NPs (ZnO NPs), CuO NPs, and CuO/ZnO NCs
by the green route using the extract of Musa acuminate peel
and investigated their photocatalytic activities toward methyl-
ene blue (MB) dye degradation under visible light irradiation.
The results revealed the enhanced photocatalytic performance
of CuO/ZnO NCs relative to pure ZnO and CuO NPs. >
Similarly, Bekru et al. reported that the CuO/ZnO NCs
prepared by the microwave-assisted green method showed
higher activity for photocatalytic degradation of MB than that
of their pure counterparts under UV and visible light
irradiation. This high activity was attributed to the enhanced
photogenerated charge carrier separation and transfer caused
by the band coupling between ZnO and CuO.*

The preparation of ZnO NPs as well as ZnO-based
nanocomposites (NCs) has been carried out by various well-
known methods such as sol—gel,”® hydrothermal and
solvothermal,**** precipitation,26 electrochemical,”””*® thermal
decomposition,'> microwave-assisted,”” and spray pyrolysis.*’
However, the above-mentioned synthesis techniques are
expensive, complex, and toxic to the environment due to the
association of various hazardous chemicals’' as reducing and
stabilizing agents. In recent times, the biological approach for
fabricating nanomaterials using naturally available bioentities
such as microorganisms and plants has gained much attention
owing to its nontoxicity, environmental benignity, and low
cost.> >33 Among natural materials, plant extracts are
considered the best choice for biosynthesis of NPs and NCs
due to the availability of abundant and potent phytochemicals
contained in them.””** The bioactive compounds existing in
the plant, such as polyphenols, flavonoids, steroids, tannins,
alkaloids, etc., can serve as strong bioagents for the reduction
and/or stabilization of NPs during their synthesis.”* ™"

Up to now, various metal oxides, such as ZnO and CuO
NPs, and their NCs have been prepared by employing different
kinds of plant extracts, such as Lippia adoensis,”®> Tabernae-
montana divaricate,’® Becium grandiflorum,37 Azadirachta
indica,”® Pandanus odorifer,39 Psidium guajava,40 Verbascum
thapsus,""  Mentha longifolia,*> Calotropis gigantean,” Aloe
barbadansis,"* and Alchornea cordifolia.”> Metal oxide NPs
and their NCs fabricated through a plant extract-mediated
biosynthesis approach are ascertained to be notably efficient
for antibacterial as well as photodegradation applications
compared to those of chemically synthesized NPs and NCs. In
this regard, using green methods in the synthesis of zinc oxide-
based NCs has increasingly become a necessity.

Croton macrostachyus plant belongs to the family Euphorbia-
ceae and is also known as Bisana, rush foil, etc. It is a broad-
leafed tree which is commonly widespread in Ethiopia, Eretria,
Kenya, Tanzania, and Uganda.***” The different parts of C.
macrostachyus have been reported to show various pharmaco-
logical effects, such as antimicrobial, antioxidant, antifungal,
antiplasmodial, antidiabetic, etc.’">® Phytochemical screening
of the plant leaf showed the existence of secondary
metabolites, such as phenolic compounds, steroids, terpenoids,
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saponins, tannins, alkaloids, flavonoids, and free anthraqui-
nones.”' ~>° Therefore, the leaf extract of this plant can be used
as an eligible source of reducing and stabilizing agents for the
biosynthesis of NPs.

In this study, the leaf extract from C. macrostachyus was
employed for the first time as a nontoxic, eco-friendly, and
natural reducing and stabilizing agent to synthesize pristine
ZnO NPs and binary ZnO/CuO NCs. As reported in the
literature,”' ~>* the employed plant is rich in multiple classes of
potent phytochemicals, which are favorable for efficient
bioreduction and stabilization of NPs. Moreover, this plant is
abundantly available and cost-effective. However, despite its
multiple advantages and natural abundance, C. macrostachyus
has not been employed to synthesize ZnO NPs and ZnO/CuO
NCs in previous research. In fact, our results clearly confirm
the inherent capacity of C. macrostachyus for the size as well as
morphology-controlled green synthesis of ZnO NPs and ZnO/
CuO NCs in a simple, rapid, cost-effective, and eco-friendly
way. The prepared ZnO NPs and ZnO/CuO NCs were
characterized using different sophisticated characterization
techniques. The photocatalytic performance of the synthesized
samples was investigated for the photodegradation of MB dye
under visible light irradiation. In addition, the three-dimen-
sional (3D) theoretical model was also developed on the basis
of experimental conditions using COMSOL software to
simulate the photocatalytic activity of ZnO/CuO NCs.

2. MATERIALS AND METHOD

2.1. Materials and Chemicals. The chemical reagents
employed in this work, including zinc nitrate hexahydrate
(Zn(NO;),-6H,0,99%), copper nitrate trihydrate (Cu(NO;),:
3H,0, 99%), and sodium hydroxide (NaOH, 99%), with AR
grade, were obtained from Sigma-Aldrich and Merck and used
directly without any additional purification. MB
(C6H5CIN,S) dye was utilized for the photodegradation
efficiency test. Distilled water was employed throughout all
conducted experiments.

2.2. Preparation of the Extract. The plant leaves of C.
macrostachyus were collected from the East Shoa Zone, Adama,
Oromia Regional state, Ethiopia. The collected fresh leaves
were cleaned 2—3 times using distilled water to get rid of dust
and other impurities and then dried at ambient conditions for
6 days, followed by crushing into fine powder using a grinder.
Afterward, 10 g of the C. macrostachyus leaf powder was mixed
with 200 mL of distilled water and stirred for 1 h at 70 °C.
After cooling, the supernatant was separated by filtration and
stored in the refrigerator to be used in subsequent syntheses.”'

2.3. Preparation of the Nanomaterials. 2.3.1. Chemical
Synthesis of ZnO NPs. The chemically synthesized ZnO NPs
sample was fabricated using a simgle coprecipitation method,
as reported by Thambidurai et al.”®> with some modifications.
Briefly, 10.41 g of Zn(NO;),-6H,0 was mixed with 175 mL of
distilled water under vigorous stirring to achieve a 02 M
aqueous solution concentration. The NaOH (2 M) solution
was then added in a dropwise manner into the above solution
with constant vigorous magnetic stirring at 60 °C so as to
reach pH & 11. A milky white solution with a white precipitate
was formed. The resulting white solution was stirred further for
another 1 h at 60 °C; then, it was cooled and aged for 20 h at
ambient temperature. The white suspension was filtered,
washed with ethanol and distilled water sequentially, and then
oven-dried at 80 °C for 20 h. Finally, the dried product was
subjected to furnace calcination at 450 °C for 2 h. In this
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Figure 1. (a) Powder XRD diffractograms and (b) FT-IR spectra of the prepared samples.

paper, the obtained chemically synthesized ZnO was denoted
as W—ZnO.

2.3.2. Green Synthesis of ZnO NPs. To synthesize the
green-mediated ZnO NPs, 10.41 g of Zn(NO;),-6H,0 was
mixed with 150 mL of distilled water under constant stirring.
Later, 25 mL of an aqueous extract of C. macrostachyus was
slowly dripped into the above solution with vigorous stirring at
60 °C. After 30 min, a few drops of NaOH (2 M) solution
were then added under stirring to adjust the pH, and the
solution was continuously stirred for another 1 h at 60 °C. It
was then cooled and aged for 20 h at room temperature for
stabilization. The light yellow precipitate was separated by
filtration, washed repeatedly with distilled water and ethanol,
and subsequently was oven-dried at 80 °C for 20 h. The dried
product was calcined at 450 °C for 2 h. For simplification, this
green synthesized ZnO sample was denoted as ZnO(ext)."

2.3.3. Green Synthesis of ZnO/CuO NCs. Three different
binary ZnO/CuO NCs samples with 10, 20, and 50% CuO
ratios were also prepared through a one-pot green approach, as
described above. For the biosynthesis of the ZnO/CuO (50%)
NCs, 10.41 g of zinc nitrate and 8.45 g of copper nitrate were
dissolved in 150 mL of distilled water under stirring. 25 mL of
an aqueous extract of C. macrostachyus was added slowly into
the above mixture while being stirred at 60 °C. The stirring
continued for 30 min at 60 °C, and then a few drops of NaOH
(2 M) solution was added to adjust the pH of the reaction
mixture. The mixture was further stirred for 1 h at 60 °C and
was cooled and aged for 20 h under ambient conditions. The
dark brown suspension was filtered and washed repeatedly
with distilled water and ethanol. The resulting solid was dried
at 80 °C for 20 h and then calcined at 450 °C for 2 h. In the
case of the ZnO/CuO (20%) and ZnO/CuO (10%) NCs, the
amounts of copper nitrate were 2.11 and 0.94 g, respectively,
with 10.41 g of zinc nitrate, and the above experimental steps
were repeated. The obtained products were labeled as
ZC10(ext), ZC20(ext), and ZCSO(ext) for green synthesized
ZnO/CuO(10%), ZnO/CuO(20%), and ZnO/CuO(50%)
NCs samples, respectively.”

2.4. Characterization Techniques. The prepared pristine
ZnO NPs and binary ZnO/CuO NCs were characterized by
using different techniques. The purity, crystallinity, and average
crystalline size of the synthesized samples were examined by an
X-ray diffraction (XRD)-700 Shimadzu X-ray diffractometer
(Acuki = 0.15406 nm) in the 20 range of 10—80°. The
functional groups related to the fabricated NPs and NCs were
identified by FT-IR analysis (FTIR, PerkinElmer 65) in the
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scanning range of 400—4000 cm™". The surface morphology of
all the synthesized samples was analyzed using SEM (Hitachi
$-4800). The energy dispersive X-ray (EDX) system on the
SEM was also utilized to analyze the elemental composition of
the representative green-mediated ZnO/CuO NC. Further-
more, to analyze the shape, particle size, and crystallinity, the
biosynthesized ZnO/CuO NC was studied using transmission
electron microscopy (TEM) (Tecnai G2, FEI). Thermo
Scientific X-ray photoelectron spectroscopy (XPS) (Al Ka
(hv = 1350 eV)) was also used to investigate the surface
chemical composition and binding state of the biosynthesized
ZnO/CuO NCs. The characteristic UV—visible absorption
spectra of the synthesized samples were obtained by using a
UV—vis spectrophotometer (JASCO model V-670). A
fluorescence spectrophotometer (Agilent Cary Eclipse) was
employed to analyze the emission spectra of the samples. The
Mott—Schottky analysis also was conducted using a standard
three-electrode cell with the FTO-loaded catalyst as the
working electrode, platinum wire as the counter electrode, and
0.1 M Na,SO, solution as an electrolyte.

2.5. Photocatalytic Activity Test. MB dye was utilized as
a model pollutant to evaluate the photocatalytic performance
of the prepared ZnO NPs and ZnO/CuO NCs samples under
visible light irradiation (using a 150 W halogen lamp as a light
source). Briefly, 30 mg of catalyst was added into 100 mL of
aqueous solution of MB dye (10 mg/L) and stirred in the dark
state for a span of 40 min to achieve adsorption—desorption
equilibrium before irradiation. Then, the resulting content was
subjected to visible light irradiation for the photodegradation
process. During the irradiation experiments, S mL of sample
was taken out every 20 min for a total of 80 min and
centrifuged to remove the solid catalyst from the sample
suspension. Thereafter, the absorbance of the resulting clear
supernatant was measured by means of a UV—vis spectropho-
tometer (Azzota: SM-1600). The photodegradation efficiency
was calculated using eq 1"

. C -G
degradation (%) = —————X100%

Co (1)

where C, and C, represent the dye concentrations at irradiation
time of t = 0 and ¢t = t, respectively. Moreover, the
photocatalytic dye degradation kinetics was also studied by
employing the pseudo-first-order kinetic model, and the rate of
photode§radation was determined using the following
formula®

https://doi.org/10.1021/acsomega.3c06155
ACS Omega 2024, 9, 559-572


https://pubs.acs.org/doi/10.1021/acsomega.3c06155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06155?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

b\ i
. “d'50,281'nm
Zn0 (100)

. 0'=0.251 nm
T Ccuo(11-1)

Figure 2. (a—c) SEM images of W—ZnO, ZnO(ext), and ZC50(ext) samples, respectively, (d) EDX element mapping image of ZCS0(ext) NC,

(e—g) TEM and HR-TEM images of ZCS0(ext), and (h) FFT of (g).

&
In| —| = — kt
Co (2)

where C, and C, stand for the dye concentrations at irradiation
time of t = 0 and t = t, respectively, and k is the apparent
reaction rate constant.

2.6. Computational Simulation of the Photocatalytic
Activity of ZnO/CuO NCs. The photocatalytic activity of
ZnO/CuO NCs against MB dye degradation was also
simulated theoretically based on experimental conditions by
employing the finite element method (FEM) using COMSOL
Multiphysics software (version 6.1a). The radio frequency
(RF), wave optics, and time-dependent modules in the
COMSOL software were used to analyze the theoretically
designed 3D model of the experimental circumstances. In this
model, ZnO/CuO NCs have been considered a rigid and
perfectly spherical particles of 30 nm diameter. The simulation
of the photodegradation of MB dye (n = 1.347) by ZnO/CuO
NCs was carried out with irradiation of electromagnetic (EM)
waves in the visible wavelength range, and EM wave outcomes
were collected at regular time intervals, as used in the
experiment.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. The purity and the crystalline
properties of the ZnO NPs prepared without plant extract
(W—=ZnO) and the green-mediated ZnO NPs (ZnO(ext)) and
ZnO/CuO NCs (ZC10(ext), ZC20(ext), and ZCS0(ext))
were characterized using powder XRD. Figure 1a shows XRD
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patterns obtained for W—ZnO, ZnO(ext), ZC10(ext), ZC20-
(ext), and ZC50(ext) samples. As indicated in the figure, all of
the peaks observed in the XRD pattern of ZnO(ext) showed
similarity to that observed by W—ZnO. For both W—ZnO and
ZnO(ext) samples, strong diffraction peaks at 31.8° (100),
34.4°(002), 36.3°(101), 47.6°(102), $6.6°(110), 62.9°(103),
66.4°(200), 67.9°(112), and 69.1° (201) revealed the
hexagonal structure of ZnO (JCPDS, 36—1451),"® and no
other peaks related to impurities were observed. On the other
hand, for ZnO/CuO NCs samples other than the hexagonal
ZnO peaks, some additional diffraction peaks were observed at
20 values of ~35.6, 38.9, 48.9, 53.7, 58.4, 61.6, and 66.4°,
which are associated with the (11—1), (111), (20—2), (020),
(202), (11-3), and (31—1) crystalline planes of the
monoclinic CuO (JCPDS, 48—1548), respectively.”’ As
observed from the diffractograms of NCs, with increasing
concentrations of Cu (10—50%), the diffraction peak
intensities of CuO gradually increase but conversely decrease
in the peak intensities of ZnO. The XRD patterns of the
synthesized NCs clearly revealed the presence of ZnO and
CuO without any impurities.

The average crystallite sizes of the synthesized ZnO and
ZnO/CuO samples were calculated from their highest three
diffraction peaks using the Debye—Scherrer’s formula (eq 3).°"

D= KA
P cos 6 (3)

where D: crystallite size (nm), K: Scherrer’s constant, (0.9), 4:
wavelength of the X-ray source (0.15406 nm), f: peak full

https://doi.org/10.1021/acsomega.3c06155
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Figure 3. XPS analysis results for the ZC50(ext) sample: (a) full survey scan and (b—d) high resolution spectra for Zn 2p, Cu 2p, and O s,

respectively.

width at half- maximum intensity (fwhm), and 8: peak position
(Bragg’s diffraction angle). The calculated average crystal size
values for all synthesized samples are presented in Table S1 (in
Supporting Information). As seen, the biosynthesized ZnO-
(ext) sample exhibited a smaller crystallite size as compared to
the chemical route synthesized (W—ZnO) sample. Some
bioactive capping and stabilizing agents from the leaf extract of
C. macrostachyus”' ~>® might be responsible for the crystallite
size reduction of the ZnO(ext) sample during its synthesis.
Similar results were also reported in previous studies for
various plant extract-mediated syntheses of metal oxide
NPs. 323

3.2. FTIR Analysis. FT-IR spectroscopy was also used to
identify the functional groups of the green-mediated ZnO NPs
(ZnO(ext)) and ZnO/CuO NCs (ZC20(ext)) samples, and
the resultant spectra in the scanning range of 400—4000 cm ™'
are depicted in Figure 1b. The FTIR result of the chemically
synthesized ZnO NPs (W-ZnO) is also provided for
comparison. The spectra of all samples showed a wide peak
at ~476 cm™!, which corresponds to the Zn—O bond
vibrations.”* In the FTIR spectrum of the ZC20(ext) sample
along with the peak of Zn—0, the band associated with Cu—O
stretching could also be detected at ~684 cm™ with low
intensity owing to its low molar percentage in the sample.®”
Thus, the spectrum obtained from the ZC20(ext) sample
revealed the formation of both oxides in the NC form, which
agreed well with the results obtained from other character-
izations. The band observed at ~1385 cm™ in all spectra could
be assigned to the stretching of the NO;™ group resulted from
precursors used in synthesis. The broad band in the range of
3200—3500 cm™" corresponds to O—H bond stretching, which
might be owing to the surface-adsorbed molecules of water.’!
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The FT-IR spectra of biosynthesized samples (ZnO(ext) and
ZC20(ext)) display an additional peak around 1628 cm™,
which is not present in the FTIR spectrum of chemically
synthesized W—ZnO. This peak could be attributed to
stretching vibration of the C=O bond of the organic
molecules from plant extract,”™” indicating the presence of
some biomolecules in the C. macrostachyus leaf after
calcination.

3.3. Morphological Analysis. The surface morphologies
of the synthesized NPs and NCs were observed using SEM,
and the resultant images are displayed in Figure 2a—c and
Figure S1 (in Supporting Information). The particle size
distribution histogram and the corresponding average particle
size for all samples were also obtained by random measuring of
480 particles, and the results are shown in Figure S2 (in
Supporting Information). The SEM image of the chemically
prepared W—ZnO (Figure 2a) shows the formation of almost
spherical and cylindrical NPs with high agglomeration in big
clusters. Meanwhile, as observed in Figure 2b, the morphology
of biosynthesized ZnO(ext) demonstrates the presence of
spherical and triangle-shaped NPs with low agglomeration and
a nearly uniform size distribution. Similarly, as can be seen
from figures, Figures 2c and S1 (in Supporting Information),
the green synthesized NCs also have nearly spherical shapes
with an almost uniform and less agglomerated form. However,
compared with chemically synthesized W—ZnO, the particle
sizes for the green-mediated ZnO(ext), ZC20(ext), and
ZCS0(ext) samples were decreased (Figure S2), which is in
accordance with the XRD findings. The decreasing particle size
for green the synthesized sample might be due to the presence
of some bioactive functional groups from the leaf extract of C.
macrostachyus, which can stabilize and cap the particles and
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Figure 4. (a) UV—visible optical absorbance and (b) corresponding Tauc’s plots of W—ZnO, ZnO(ext), ZC20(ext), and ZC50(ext) samples.

also prevent their agglomeration during the synthesis
process.32’33

The elemental constitution of ZCS50(ext) was also analyzed
using the EDX system on the same SEM, and the results are
displayed in Figure S3 (in Supporting Information) and Figure
2d. EDX spectrum for the ZCS50(ext) sample (Figure S3)
revealed the existence of zinc, copper, and oxygen elements
without any other impurities. The weight percentages of Zn,
Cu, and O in ZC50(ext) NC sample were determined to be
41.09, 44.61, and 14.30%, respectively. Figure 2d illustrates the
distribution of Zn, Cu, and O, respectively. This indicates that
Zn, Cu, and O elements are distributed uniformly, confirming
that CuO and ZnO are well-distributed in the NC, which will
be favorable for photocatalytic application.

The exact morphology, particle size, and crystallinity of the
biosynthesized ZCS0(ext) sample were also further analyzed
using TEM. The low-resolution TEM micrographs of ZCS0-
(ext) (Figure 2e,(f) display spherical and polygonal morphol-
ogies, with particle sizes ranging from 17 to 52 nm. The HR-
TEM image of ZCS0(ext) NC (Figure 2g) clearly demon-
strates the formation of the heterojunction between intimately
contacted CuO and ZnO. From Figure 2g, the two measured
fringe spacings of 0.28 and 0.247 nm match well with the
values of (100) and (101) crystal planes of ZnO, respectively,
with a hexagonal wurtzite structure. On the other hand, the
lattice fringes observed with interplanar distance of 0.251 nm
are associated with the (11—1) crystal plane of monoclinic
CuO. Figure 2h is the fast Fourier transform (FFT) pattern of
Figure 2g, which further determined the crystal lattice planes of
ZnO and CuO. The clear lattice fringes observed on both
oxides also confirm their highly crystalline nature.

3.4. XPS Analysis. XPS analysis was conducted to probe
the composition and oxidation states of the surface elements
present in the green synthesized ZnO/CuO NC (ZC50(ext))
sample, and the resultant XPS spectra are displayed in Figure 3.
The C 1s peak (at 284.8 eV) was used as a reference to
calibrate the binding energy values in these spectra. The full
scan XPS spectrum (Figure 3a) verified that the surface of the
ZCS50(ext) sample was merely composed of Zn, Cu, and O
without any other impurities. Figure 3b presents the Zn 2p
XPS spectrum with high resolution, in which two strong peaks
appeared at 1021.88 and 1044.88 eV, corresponding to Zn
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2p3s, and Zn 2p,,, levels, respectively. The binding energy
difference between the two levels is around 23.0 eV, which
confirms the +2 oxidation state of Zn in the ZCS50(ext)
sample.'® Figure 3c gives the Cu 2p high-resolution XPS
spectrum with two dominant peaks located at 933.1 and 953.2
eV corresponding to Cu 2p;, and Cu 2p, , levels, respectively.
The two other peaks with satellite features centered at 942.1
and 961.7 eV also indicate the existence of Cu in a bivalence
oxidation state.'® In the O 1s XPS spectrum (Figure 3d), the
peak that appeared at 530.16 eV can be related to the lattice
oxygen that bonded with metals in O, ion form.'® Overall, the
above XPS results manifest the presence of ZnO and CuO in
the synthesized ZC50(ext) sample, which is in concordance
with the XRD, EDS, and HR-TEM findings.

3.5. UV-Vis Spectral Analysis. The optical absorption
properties of the prepared W—ZnO, ZnO(ext), ZC20(ext),
and ZC50(ext) samples were also investigated through UV—
visible spectroscopy analysis, and the resulting spectra are
displayed in Figure 4a. The spectra of all samples exhibited an
intensive absorption around 375 nm which could be ascribed
to the characteristic absorbance band of ZnO due to its
intrinsic band gap transitions (Ozp—Zn3d).39 The absorbance
of the chemically synthesized W—ZnO sample is limited in the
UV region, while the green synthesized ZnO(ext) showed
broad absorption that extended to the visible region due to the
presence of some functional groups from the extract. However,
the ZnO(ext) peak in its UV region displayed a slight blue shift
as compared to the W—ZnO band, which may be related to the
quantum confinement effect resulted from particle size
reduction in the ZnO(ext) sample.”” On the other hand,
compared to pristine ZnO NPs, the ZC20(ext) and ZC50(ext)
NC samples exhibited a broad range of absorption that
significantly extended toward the visible light region. The
observed spectral response broadening by the addition of CuO
could be related to the formation of additional states due to
interfacial interaction between conjugated metal oxides, and
this results in a remarkable red shift in the absorption edge of
the resulting NCs. In addition, the visible light response of the
NCs also the increased with increasing content of CuO.

Further, the optical band gap for each of the synthesized
samples was also estimated using the following Tauc’s
relation®®
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n/2
(ahv) = A(hv — Eg) / (4)
where v = incident photon frequency, h = Planck’s constant, a
= the coefficient of absorption, A = proportional constant, n =
the power index referring to the nature of the transition, and its
value for direct transitions is 1.°*%* By extrapolating the linear
region of (ahv)® versus the hv axis, as illustrated in Figure 4b,
direct band gaps can be estimated. In this work, the band gap
values of W—ZnO, ZnO(ext), ZC20(ext), and ZC50(ext)
samples were estimated to be about 3.04, 3.17, 2.68, and 2.57
eV, respectively. As observed, the band gap values of the
synthesized NCs were all lower than those of pristine ZnO
samples, which also affirms the formation of NC, as explained
above. On the other hand, compared with chemically
synthesized W—ZnO, the band gap value obtained for green-
mediated ZnO(ext) is increased, owing to the quantum size
effect.

3.6. Photoluminescence Analysis. The room-temper-
ature photoluminescence (PL) analysis was conducted to
determine the charge carrier separation and recombination
efficiency of the prepared W—ZnO, ZnO(ext), ZC20(ext), and
ZCS0(ext) samples, and the resultant PL spectra at an
excitation wavelength of 325 nm are depicted in Figure S.
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Figure S. PL spectra of W—ZnO, ZnO(ext), ZC20(ext), and
ZCS0(ext) samples.

All the samples show a strong UV emission band around 387
nm and relatively weaker visible emission peaks around 438,
451, 472, and 532 nm. The intense UV emission peak
appeared at 387 nm, ascribed to the near band-edge emission
of ZnO originated from the recombination of excitons,”
whereas emission bands observed in the visible range could be
related to various defect-mediated recombination of charge. As
seen, the UV emission intensities from ZnO/CuO NCs
samples are much lower than those of pristine ZnO samples,
indicating a reduced recombination rate of photoexcited e”/h*
pairs in ZnO/CuO NCs. This implies that the coupling of
ZnO with CuO promotes the interfacial charge carrier transfer
between the two metal oxides, which can greatly suppress the
direct recombination of excitons and hence prolong charge
carrier lifetime. Thus, the efficient charge carrier separation
due to the formation of heterojunction between ZnO and CuO
is favorable for enhancing the photocatalytic activity of the
resulting NC. On the other hand, compared with chemically
synthesized W—ZnO, the green-mediated ZnO(ext) NPs
showed relatively lower PL intensity around 387 nm, which
may be due to the presence of nonradiative quenching
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originated from surface impurities and defects in the
biosynthesized ZnO NPs.

3.7. Electrochemical Analysis. Mott—Schottky (M-S)
analyses were conducted to determine the band potentials of
the synthesized materials, and Figure S4ab (in Supporting
Information) depicts the M—S plots for ZnO(ext) NPs and
7C20(ext) NCs, respectively. The M-S curve of ZnO(ext)
exhibited a positive slope (n-type character) with a flat band
potential (Eg) of —0.4 V (vs Ag/AgCl). However, the curve of
ZC20(ext) showed both positive (n-type character) and
negative (p-type character) slopes with Eg values of —0.32
and 1.3 V (vs Ag/AgCl), respectively, confirming the
formation of the p—n heterojunction between ZnO and
CuO.”> The measured potentials (vs Ag/AgCl) and the
corresponding values relative to the reversible hydrogen
electrode are given in Table S2. According to the literature,
the conduction band (CB) edge of n-type semiconductors is
more negative than the flat-band potential (Eg) by ~0.1 V,
while the valence band (VB) edge of p-type semiconductors is
more positive than the (Eg) by ~0.1 V:®® Thus, the CB
potential (Ecp) of n-type semiconductors and the VB potential
(Eyg) of p-type semiconductors can be estimated from their Eg,
values, while the corresponding VB and CB potentials of n-
type and p-type semiconductors can be calculated using eq 5.%°

Eyy = Ep + Eg (3)

where E, is bandgap energy obtained from Tauc’s formula.
Thus, the Ecp and Eyg values of ZnO(ext) NPs are 0.1 and
3.28 V, respectively. In ZC20(ext) NCs, the Ecy and Eyy, values
of ZnO and CuO were found to be 0.19 and 2.87 V for ZnO
and —0.67 and 2.01 V for CuO, respectively.

3.8. Photocatalytic Activity. The photoreactor and time-
dependent decolorization of the MB dye solution under visible
light irradiation with ZCS0(ext) NCs are presented in Figure
SS. The photodegradation performance of the synthesized NPs
and NCs samples was evaluated against MB dye under 80 min
of visible light irradiation. Figure 6a—e displays the time-
dependent absorption spectra showing the photodegradation
of MB dye using W—ZnO, ZnO(ext), ZC10(ext), ZC20(ext),
and ZCS0(ext) samples as photocatalysts. As observed in all
spectra, the absorption peak of MB decreased gradually with an
increase of the exposure time for all synthesized samples.
However, a more remarkable change in MB absorbance was
noticed for NC samples than for pure ZnO NPs. The MB
degradation percentage was calculated using eq 1, and the
graph of percent degradation vs illumination time for all
samples is presented in Figure 6f. After 80 min of visible light
exposure, about 74.13, 77.73, 90.02, 97.02, and 95.03% of MB
were degraded by the samples W—ZnO, ZnO(ext), ZC10(ext),
ZC20(ext), and ZCS0(ext), respectively. As seen, the photo-
degradation efficiency of the biosynthesized ZnO(ext) sample
was higher than that of the chemically synthesized W—ZnO
sample. This enhancement might be related to the improved
surface charge and smaller particle size of green-mediated
Zn0.*” As can be seen from SEM and XRD results, the particle
size of the ZnO(ext) sample was smaller than that of W—ZnO.
As mentioned before, some bioactive metabolites of the plant
extract could be responsible for the size reduction and
stabilization of the green-mediated ZnO NPs. Thus, smaller
particle sizes of ZnO(ext) NPs provide larger surface area,
which is more favorable for enhanced photodegradation of MB
dye. Furthermore, as observed from the FTIR analysis, the
biosynthesized samples have negative/positive charges on their
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Figure 6. (a—e) UV—Vis spectra depicting the photodegradation of MB dye and (f) the corresponding photodegradation efficiency in the presence
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Figure 7. (a) Plots of In(C/C,) vs time for the photodegradation of the MB dye using W—ZnO, ZnO(ext), ZC10(ext), ZC20(ext), and ZCS50(ext)
samples under visible light irradiation and (b) reusability of the ZC20(ext) sample for four consecutive runs.

surface due to the surface-adsorbed biomolecules of the plant
extract. The presence of these charges on the photocatalyst
surface could be helpful to facilitate its interaction with cationic
MB dye, which in turn leads to enhanced photocatalytic
activity.

On the other hand, it is obvious that all of the synthesized
ZnO/CuO NCs exhibited highly improved visible light-driven
photocatalytic activities compared to those of ZnO NPs. The
observed higher photodegrading efficiencies of the binary NCs
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might be ascribed to the formation of the heterojunction
between the two metal oxides, which can markedly suppress
the recombination of photogenerated charge carriers and boost
the photoresponsive range in the visible region.'®'? Further, it
was also observed that the ratio of the CuO component has a
considerable effect on the photocatalytic efficiency of the
resulting NC. As demonstrated in Figure 6f, the photocatalytic
activity of the ZnO/CuO NCs increases with increasing the
CuO content from 10 to 20 mol %. However, any further
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incorporation of CuO above 20 mol % led to a reduction in the
photodegradation efficiency of the NC because the excessive
CuO content could be another recombination center for
photogenerated charge carriers, and it can also shade the active
sites of ZnO from incident light. Among all samples, the ZnO/
CuO NC prepared with 20 mol % of the Cu precursor
(ZC20(ext)) showed the highest photocatalytic performance.

The photodegradation kinetics was also investigated, and as
shown in Figure 7a, the degradation processes of MB for all
prepared samples are well fitted with pseudo-first-order eq (eq
2). From the graph of In (C/C,) vs time, the first order rate
constant values were determined to be 0.01689, 0.01893,
0.02896, 0.04338, and 0.03632 min ", for W—=ZnO, ZnO(ext),
ZC10(ext), ZC20(ext), and ZC50(ext) samples, respectively.
As seen from the kinetics results, the NC samples showed
remarkably improved photocatalytic degradation rates com-
pared to those of the ZnO samples. In particular, ZC20(ext)
exhibited a superior rate for degradation of MB dye, which is
about 2.6 times faster than pure ZnO. Compared with the
chemically synthesized W—ZnO sample, the photodegradation
rate for the biosynthesized ZnO(ext) sample increased. This
indicates the beneficial effects of the employed extract for the
preparation of a better catalyst with enhanced surface area. The
calculated rate constants (k), R* values, and degradation
efficiency (%) after 80 min of irradiation for all of the prepared
samples are summarized in Table 1. The photostability and

Table 1. Observed Values of Rate Constants (k), Regression
Coefficient (R?), and Degradation Efficiency for the
Synthesized Samples

percent degradation (%)

sample K (min™") R? after 80 min of irradiation
W-ZnO 0.01689 0.99599 74.13
ZnO(ext)  0.01893  0.98997 77.73
7C10(ext) 002896 099913 90.02
ZC20(ext) 0.04338 0.9986 97.02
ZC50(ext) 0.03632 0.99223 95.03

reusability of ZC20(ext) NCs were also examined for four
cycles of photodegradation of MB dye under irradiation of
visible light. After each run, the photocatalyst was separated
from the solution by centrifugation and reused again for
subsequent runs with the freshly prepared MB solution. As
shown in Figure 7b, the photodegradation efliciency of
ZC20(ext) was not significantly changed even after four
consecutive cycles, which indicates the appreciable stability
and durability of the prepared photocatalyst.

Table 2 compares the photocatalytic performance of our
synthesized ZnO/CuO NCs with previously reported ZnO/
CuO and other ZnO-based NCs toward MB degradation. It is
obvious that the ZnO/CuO NCs obtained in this work
exhibited significantly improved photocatalytic performance
compared to that of other ZnO-based photocatalysts, which
clearly affirms the efficiency of our green-mediated ZnO/CuO
NCs as a better photocatalyst. The observed higher photo-
catalytic activity of our catalyst could be ascribed to the
formation of smaller particles with a larger surface area, which
may result from the strong capping and stabilizing capacity of
the plant extract used during the synthesis.

3.9. Photocatalytic Activity by COMSOL Simulation.
To validate and predict the experimental results, the theoretical
photocatalytic activity of ZnO/CuO NCs based on exper-
imental conditions was also simulated via mathematical
modeling based on FEM using COMSOL Multiphysics. The
FEM-based mathematical modeling approach allows for a
comprehensive analysis of the ZnO and CuO NCs behavior
when exposed to EM waves. By employing the RF and wave
optics and time-dependent module in COMSOL software
(version 6.1a), the theoretical 3D model can be accurately
simulated. This simulation is based on the built-in Maxwell
equations (eqs 6—8), which describe the propagation and
interaction of EM waves with the NC structure. Using this
model, the absorption of EM waves within the same
wavelength range as the experimental setup can be deeply
investigated.

Vxu~'(VXE) — ké(ey - ﬁ)E:O
@ (6)
(V = ik) X g ' ((V — ik;) X E1) — k(f(g, - ii)m
wE,
=0 7)
(V= iky) 47V = iky) x E2) = kg[er _ i]m
WE
=0 (8)

As shown in Figure 8, the 3D model built for this study is
based on three different kinds of boundaries, which are termed
periodic boundary conditions, scattered boundary conditions,
primary boundary conditions, and the perfectly matched layers
(PML) condition at the back of the internal continuity
boundaries. This built-in model is used to simulate the
photodegradation of MB by ZnO/CuO NCs with EM waves as

Table 2. Comparison of the Photocatalytic Degradation of MB by Various ZnO/CuO and Other ZnO-Based NCs

experimental conditions

catalyst synthesis method catalyst (mg)  conc. of MB (ppm)

CuO-ZnO green 20 20 ppm
CuO-ZnO green 25 107° M
ZnO/CuO combustion 40 20 ppm
ZnO/CuO hydrothermal 50 S ppm

CuO—-ZnO reflux condensation S0 15 ppm
Cr,03/Zn0O green 25 10 ppm
ZnO/Fe;0, hydrothermal 50 S ppm

Co0O/Zn0O precipitation 100 7 ppm

Zn0O/CuO green 30 10 ppm
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performance

light  time (min) rate const. k (min—')  degradation (%) refs
vis 105 0.017 82 22
vis 120 0.0235 95.6 66
solar 60 0.0223 93 67
Solar 180 0.0033 46 68
uv 120 0.01948 93.66 69
vis 920 0.08 85 70
solar 180 0.0078 76 68
uv 180 0.00643 67.5 71

vis 80 0.04338 97.02 this work
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Excitation Port

Figure 8. Schematic diagram of the 3D COMSOL simulation model.

incident light (wavelength: 250—500 nm). Here, ZnO/CuO
NCs are set to be spherical particles of 30 nm diameter, and
the refractive index of MB, water, and air is 1.347, 1.33, and
1.00, respectively. During the photocatalytic simulation, EM
wave outcomes were obtained at regular time intervals ranging
from 0 to 80 min, according to experimental values. The 3D
contours of concentration change showing the photodegrada-
tion of MB by ZnO/CuO NCs (with 20 mol % of CuO) are
shown in Figure 9. As displayed in this figure, with increasing

time of exposure, the highest concentration region (red area) is
reduced, while the lowest concentration part (blue area) is
increased, indicating a gradual decrease in the concentration of
MB. The simulation result indicated that the degradation
efficiency reaches 98% within 80 min, which is very close to the
value obtained experimentally (97.02%) by the ZC20(ext)
NCs sample.

Further, the kinetics for photodegradation of MB dye in the
presence of ZnO/CuO (20%) NCs were also studied
theoretically using the above-built mathematical model, and
the first-order rate constant value obtained via simulation is
0.03379 min~'. Figure 10 compares the experimental and
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Figure 10. Experimental and simulation plots of In(C/C,) vs time for
the photodegradation of MB dye using ZnO/CuO (20%) NCs.
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theoretically obtained photodegradation rates of MB by ZnO/
CuO (20%) NCs. As reported in previous sections, the
experimentally obtained rate constant value for the ZC20(ext)
NCs sample was 0.04338 min~". The observed rate constant
difference between experimental and simulation results may
possibly be due to the fact that simulation is carried out by
considering a rigid and regular spherical geometry instead of
irregular spheres of ZnO/CuO NC formed experimentally.
This discrepancy in geometry could lead to differences in the
surface area and active sites available for the photodegradation
process. Moreover, the modified surface charge of the green-
mediated ZC20(ext) NCs sample due to some surface-
adsorbed functional groups of the plant extract has not been
considered during simulation, which may also be another
reason for the difference in degradation rate results.

Based on the experimental and theoretical results, a possible
photoinduced degradation mechanism of MB by ZnO/CuO
NCs was also proposed and represented schematically, as
shown in Figure 11. As observed from the Mott—Schottky

Zn0

Figure 11. Schematic photoinduced dye degradation mechanism of
ZnO/CuO NCs under visible light.

analysis, the M-S curve of the prepared NC revealed the
coexistence of p- and n-type characters, confirming the
formation of p—n heterojunction in ZnO/CuO NCs. A
significantly reduced PL emission observed from the NC
samples also confirms the efficient charge carrier separation
due to the formation of the p—n heterojunction between ZnO
and CuO. The coupling of ZnO as the n-type semiconductor
with p-type CuO to produce the p—n heterojunction assists in
the separation of photoexcited charge carriers by inducing an
electric field at the contact interface of the two metal oxides.
Upon absorption of visible light, electrons from both
semiconductors are excited from their VB to CB, leaving
behind holes in their VB. Since both the CB and VB levels of
ZnO lie below those of CuO, thermodynamically favorable
transfer of the photoinduced electrons occurs from the CB of
CuO to the CB of ZnO, whereas the holes in the VB of ZnO
are transferred to that of CuO. In this way, the recombination
rate of the photogenerated e”/h" pairs is significantly reduced,
and their lifetime is prolonged until they reach the photo-
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catalyst surfaces. Then, photoexcited electrons react with
molecular oxygen to produce superoxide anion radicals (0,*”),
while the photogenerated holes are trapped by water molecules
and hydroxide ions to generate hydroxyl radicals (*OH). The
generated highly reactive radicals readily oxidize and degrade
dye molecules. The main reactions involved in the photo-
degradation process can be described by the following
equations68

ZnO/CuO+hv—Zn0O/CuOlecpy + hiyp)] (9)
ZnO/CuOle(cyy + h(yp)l—=ZnO(ecp)+CuO(hip)

(10)
ZnO(e(cp) + O, = O3 (11)
CuO(hip) + H,O — OH® + H' (12)
05" + H" - HO; (13)
2HO; — H,0, + O, (14)
H,0, + 05" >0H" + 0,+0H" (15)
OH"+MBdye — degradedproducts (16)
05 +MBdye — degradedproducts (17)

4. CONCLUSIONS

The potential application of C. macrostachyus leaf extracts as
natural stabilizing as well as reducing agents for the
biofabrication of nanostructured materials is explored for the
first time. The present green method was successful in
producing highly pure ZnO and ZnO/CuO nanostructures
in a rapid, environmentally benign, and cost-effective way. For
comparison purposes, pure ZnO NPs were also synthesized
without using plant extract. Many characterization techniques
have been exploited to probe the various properties of the
synthesized samples, and all of the obtained results apparently
confirmed the formation of ZnO NPs and ZnO/CuO NCs.
SEM studies also revealed the formation of almost spherical-
shaped particles in all samples, but the average particle sizes of
the biosynthesized samples decreased. The prepared ZnO/
CuO NCs demonstrated substantially strong absorption in
both UV and visible regions. For visible light-driven photo-
degradation of MB dye, these NCs exhibited a remarkably
enhanced photocatalytic performance compared that of bare
ZnO NPs. In particular, for optimized ZnO/CuO NC, about
97% MB degradation was achieved after 80 min of visible light
irradiation. In addition, the prepared NCs exhibited appreci-
able photocatalytic stability and reusability without significant
change in their activity after four consecutive runs.
Furthermore, the photocatalytic performance of ZnO/CuQO
NCs was also successfully predicted by 3D COMSOL
simulation. The simulation and the experimental results
showed good agreement with a minor distinction. Thus, the
present green-mediated ZnO/CuO NC can be a promising
visible-light-active photocatalyst for the removal of organic
pollutants from wastewater. Furthermore, due to its promising
physicochemical, optical, and electrical properties, the
prepared NC is also expected to have a potential application
in antibacterial and sensor fields.
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