Environmental Science and Pollution Research (2023) 30:40174-40188
https://doi.org/10.1007/5s11356-022-25097-9

RESEARCH ARTICLE q

Check for
updates

Microwave-assisted synthesis of ZnO nanoparticles using different
capping agents and their photocatalytic application

Kumar Mageswari' - Peethambaram Prabukanthan'® . Jagannathan Madhavan?

Received: 11 July 2022 / Accepted: 28 December 2022 / Published online: 6 January 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

This investigation reports the synthesis of ZnO nanoparticles from various sources of zinc salts via a microwave-assisted
method. Furthermore, the synthesized ZnO nanoparticles were capped with different capping agents such as sodium
hexametaphosphate (SHMP), polyvinylpyrrolidone (PVP), and cetylpyridinium chloride (CPC) to examine the stability and
characteristics of ZnO nanoparticles. The synthesized ZnO nanoparticles were characterized with sophisticated analytical
techniques such as XRD, FTIR, SEM, UV-vis DRS, Raman, and PL to understand their properties. From these studies,
the XRD depicts the decrease in crystallinity of ZnO nanoparticles with the addition of different capping agents, and
the morphology of the ZnO nanoparticles was influenced by capping agents as evidenced by SEM. The band gap of the
synthesized ZnO nanoparticles is found to decrease with different capping agents confirmed by UV-Vis DRS studies.
Furthermore, the photocatalytic degradation performance of the prepared samples is assessed by the degradation of methylene
blue under visible light irradiation. The ZnO nanoparticles synthesized from the Zinc nitrate source with SHMP capping
agent show a greater extent of photocatalytic degradation efficiency than other Zinc sources. After 60 min of light, MB was
observed to have degraded by about 80%, and hence, zinc nitrate is a suitable source to synthesize ZnO.
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Introduction photoluminescence, gas sensors, UV photodetectors,

light-emitting diodes (LEDs), and solar cells (Chandrappa

Metal oxide nanomaterials have interesting properties and
potentially powerful applications in many fields, such as
environmental remediation, sensing, microelectronics,
and biomedicine. In general, the synthesis of metal oxide
properties is significantly influenced by their size and shape,
such as nanorods, nanospheres, nanoplates and nanobelts,
nanowires, and nanoflowers (Pascariu et al. 2018; Flores
et al. 2014; Zamirin et al. 2014). Recent research focuses
on nanoparticles is particularly captivating their synthesis
as well as applications in photocatalysis, semiconductors,
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and Venkatesha 2012; Hsu et al 2013.). The properties
of nanoparticles are tuned based on their size and shape
that can be used in specific applications (Tiwari et al.
2012.). Recently, semiconductor oxides are widely used
in the field of photocatalysis, one of the cost-effective
and environmentally friendly methods to degrade organic
pollutants from wastewater without producing any other
secondary pollutants and it gains great attention due to
its potential solar energy utilization. This is a process
that usually proceeds with oxidation and reduction of
contaminants at the interface of metal oxides (Zhu and Zhou
2019). Moreover, various metal oxides such as ZnO, TiO,,
Fe,0;, WO;, and V,05 with appropriate band gap energy
are successfully reported as photocatalysts for the removal
of organic pollutants (Chauhan et al. 2019).

Among several metal oxides, ZnO gained immense
attraction due to its low cost, chemical stability, and eco-
friendliness (Ameen et al. 2021). Various methods adopted
to synthesise the ZnO nanoparticles such as hydrothermal,
sol—gel, solvothermal, and mechano synthesis, but currently,
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microwave irradiation is widely used for the synthesis of
ZnO nanostructures. This method provides strong friction
and collision of molecules leading to heating and greater
acceleration nucleation of atoms. Temperature and
concentration gradients of the reaction mixture are excluded
in the irradiation process. This method is considered to be
rapid, environmentally benign and energy-saving for the
bulk production of nanomaterials (Lv et al. 2007.).

However, ZnO is found to be an n-type semiconductor
photocatalyst with band gap energy value E,=~2.9-3.3 eV
(Murali et al. 2019). Due to its wide band gap energy, it
shows smaller absorption in visible region, covering a
minimal part of the solar spectrum, yet the photocatalytic
degradation efficiency of the ZnO is poor in the visible
region because of its rapid recombination of photo-excited
e~ /h* pairs (Samadi et al. 2016). Hence, several strategies
like the formation of heterojunction, doping with metal and
non-metals, and the formation of composite with narrow
band gap semiconductors are implemented to enhance the
photocatalytic activity of ZnO (Huang et al 2021). Among
the various methods, doping with various capping agents
can tune the photocatalytic degradation efficiency, due
to the inter-particle charge transfer. In parallel with the
development of capping with ZnO throughout the years, a
variety of different approaches for capping have arisen.

The different capping agents were used in the synthesis
of ZnO, and their effect on its performance has been studied
in various research papers. There are several publications
in which organic compounds have been used as the catalyst
for photodegradation. For instance, Vignesh and co-workers
(Vignesh et al. 2019) used the degradation rate of Cd:Ag:ZnO:
PVP nanocomposite was 4.7 times higher than that of undoped
ZnO by degrading MB dye within 120 min under visible-light
exposures. Besides, the Cd:Ag:ZnO: PVP nanocomposites
have good cycling stability for up to five successive cycles
of photocatalytic degradation. Likewise, Senasu et al. 2021.
Studied the ZnO/CdS nanocomposite showed an efficiency
of 80% and 73% toward photodegradation of reactive red 141
(RR141) azo dye and ofloxacin (OFL) antibiotic, respectively.
Also, Chankhanittha et al. 2021 worked on the synthesized
0.05ZnO/BWO heterojunction photocatalyst with the
smallest size and lowest PL intensity, implying the highest
electron—hole separation efficiency, exhibited the highest
photoactivity of 87%, 85%, and 84%.

Recently, many attempts have been made using ZnO
photocatalyst for the photodegradation of organic pollutants
(Bhuvaneswari et al. 2021). But no reports on using different
capping agents with various zinc sources towards the
degradation of organic dyes have been reported so far. The
organic capping agents in the ZnO molecular structure could
be the reason for these alterations.

In the present investigation, ZnO nanoparticles were pre-
pared by microwave-assisted synthesis method and stabilized

with different capping agents such as sodium hexametaphos-
phate (SHMP), polyvinylpyrrolidone (PVP), and cetylpyri-
dinium chloride (CPC). Furthermore, their photocatalytic
degradation efficiency was examined by the degradation of
methylene blue (MB) under visible light exposure.

Experimental section
Materials

Zinc sulphate, zinc acetate, zinc nitrate, NaOH, sodium
hexametapolyphosphate (SHMP), polyvinylpyrrolidone
(PVP), and cetylpyridinium chloride (CPC) material were
sourced from Sigma-Aldrich. All these chemicals and
reagents were utilized as received.

Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized by using the microwave
irradiation method. Herein, 0.5 mmol of zinc sulfate was
taken in a beaker containing 100 mL of deionized (DI)
water, to this mixture 0.5 N NaOH was added with constant
stirring at room temperature and the mixture was subjected
to microwave irradiation at 400w for 30 min (Mostafa
et al. 2015). Finally, the obtained white precipitate (ZnO)
was washed with water and ethanol several times followed
at about 200 °C for 10—-15 min. For the same product, a
similar procedure was followed with different precursors
such as zinc acetate and zinc nitrate with identical reaction
conditions.

Synthesis of SHMP-, PVP-, and CPC-capped ZnO
nanoparticles

For this, firstly 0.5 mmol of zinc sulphate was dissolved
in 100 mL of distilled water followed by the addition of 1
wt% of SHMP capping agent, and to this mixture, 0.5 N of
NaOH solution was introduced dropwise with constant stir-
ring for 15 min. Finally, the solution mixture was irradiated
in the microwave for 30 min. Then the formed precipitate
was filtered, washed with water and ethanol, and dried at
200 °C for 10-15 min and is presented in Fig. 1. The above
procedure is followed for the prepare PVP capped ZnO and
CPC capped ZnO nanoparticles from the different precursors
such as zinc acetate and zinc nitrate.

Material characterization
Samples of the present investigation were characterized with
an XRD instrument manufactured by Bruker (Advance D8

X-ray diffractometer). The Cu Ka radiation (4=1.5406 10\)
was used as the source of X-rays and the diffraction patterns
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Fig. 1 Schematic illustration for the synthesis route of SHMP, PVP and CPC capped ZnO nanoparticles

were recorded in the 20 range between 10 and 80° with a
step size of 0.02°. The functional groups of synthesized ZnO
nanomaterials were analyzed by the Fourier transformation
spectrometer Spectrum 2000, Perkin Elmer. The UV-Vis
diffuse reflectance spectrum was performed by JASCO V-630
UV/Vis spectrophotometer in the range 200-800 nm.

The surface morphology was acquired by SEM (JSM7600)
and its corresponding elemental compositions were evaluated
from EDS.

Photocatalytic degradation studies

The photocatalytic efficiency of the ZnO nanoparticles was
assessed by the photo-degradation of MB under visible light
irradiation. A 250 W tungsten halogen lamp was used as the
irradiation source. In a typical photocatalytic degradation
experiment, 75 mg of ZnO nanoparticles were added to 75 mL
of the MB (2x 10~ M) and Tetracycline (TC) (3% 107> M) in
a cylindrical glass vessel. Prior to the light illumination, the
suspension was placed at dark to attain adsorption equilibrium.
At the time of light irradiation, 5 mL of the suspension was
drawn and centrifuged to remove the catalyst after that the
concentration of the solution was analysed at their absorption
maximum (4,,,) at 664 and 353 nm for MB and TC
respectively, using UV—Vis spectrophotometer (JASCOV-630).

Results and discussion
XRD analysis

Figure 2 shows the XRD patterns of the synthesized ZnO
nanoparticles from (a) zinc sulphate, (b) zinc acetate, and

@ Springer

(c) zinc nitrate precursors with different capping agents.
As seen in Fig. 2 the XRD pattern of ZnO shows the
diffraction peaks at 20 =31.9°, 34.7°, 36.5°, 47.7°, 56.8°,
63.0°, 66.3°, 67.9°,69.1°, 73.1, and 77.0° and corresponds
to (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004), and (202) diffraction planes (Katiyar et al.
2020). It is found to be well indexed with a hexagonal
phase structure well with the standard JCPDS Card No.
00-005-0664.

From Fig. 2 (a—c), the peak intensity of the pure ZnO
is majorly influenced by the addition of SHMP, PVP and
CPC capping agents, the decrease in peak intensity was
observed in the case of capping agents. Furthermore,
Table 1 shows the crystalline sizes, microstrain, and
FWHM values of the prepared ZnO with different capping
agents.

This reveals that there is a decrease in the crystalline
size while varying the capping agent with different zinc
sources was noticed. TEM analysis showed that there was
a strong link between these results as shown in Fig. 8.

FTIR studies

FTIR is one of the useful techniques to understand the nature
of the functional groups present in the synthesized material.
The unique vibrations of the bonds at different wavenumbers
make this technique so powerful. The FTIR spectra of pure
(ZnO) nanoparticles synthesized from different sources such
as zinc nitrate with different capping agents are shown in
Fig. 3. And FTIR spectra of zinc sulphate and zinc acetate
are shown in Fig.S1 and S2, respectively. In Fig. S1 and
S2, the FTIR spectra of pure (ZnO) show various peaks
belonging to different functional groups such as Zn-O
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Fig.2 XRD spectra of various capping agents (SHMP, PVP, and CPC) in the presence of a zinc sulphate, b zinc acetate, and ¢ zinc nitrate

Table1 The FWHM,

. . Samples FWHM of d-spacing  Crystalline  Micro- Dislocation density
interplanar spacing (dy). XRD peak size (im)  strain(x107%)  (x 10' lines/m?)
cr‘ystalh'te size, rmcrostram and (200)
dislocation density of
synthesized ZnO Zinc sulphate (pure)  0.3653 247 48.042 72 4.3

SHMP 0.4173 2.42 35.469 9.7 7.9

PVP 0.0638 2.42 23.224 14.9 18.5

CPC 0.5438 2.42 27.245 12.7 134

Zinc acetate (pure) 0.6524 2.65 21.255 16.3 22.1

SHMP 0.1075 2.65 14.492 2.5 47.6

PVP 0.7986 2.62 18.164 1.9 30.3

CPC 0.6524 2.65 21.255 16.3 22.1

Zinc nitrate (pure) 0.4172 2.42 34.387 10.0 8.3

SHMP 0.3559 2.46 48.923 7.0 4.2

PVP 0.3619 2.46 48.125 7.2 43

CPC 0.5438 2.43 28.180 1.2 12.5
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stretching observed between 560 and 450 cm™!, symmetrical
stretching and bending vibration of O—H appeared at
3600 and 1560 cm™! respectively. The ZnO nanoparticles
capped with different capping agents had different bands
at different wavenumbers, and these bands represent the
functional groups of the capping agents. Figure 3, S1 and
S2 illustrate the reaction between different ZnO sources
with SHMP, where the band for phosphate (-P=0) at
1110-150 cm™' and phosphate oxygen group (P-O-P)
appear at 800-900 cm™'. For the PVP capping agent, the
carbonyl group (C=0) peaks appeared at 1600-1700 cm™".
Furthermore, absorption peaks appeared at 1200-1300 cm™!
confirming the presence of C—N linkage. The FTIR of CPC
shows the appearance of a CH, peak at 2800-3000 cm~!and
appearance of C=C at 1600—-1700 cm~! and C-N linkage
peak at 1300-1200 cm~!. The coexistence of SHMP, PVP,
and CPC in zinc source photocatalysts was found by FT-IR
analyses.
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Fig.3 FT-IR spectra of various capping agents (SHMP, PVP, and
CPC) in the presence of Zinc nitrate
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UV-visible studies

By using UV-vis DRS, the band gap energy value of ZnO
nanoparticles from various sources and with various capping
agents was examined the findings are displayed in Fig. 4.
In Fig. 4, we assumed that the ZnO nanoparticles showed
strong bands at 280 nm with sharp band edges (Prabukan-
than and Harichandran 2013). Additionally, a slight hump
is seen between 350 and 390 nm when various capping
agents are combined with ZnO nanoparticles. This may be
due to the bandgap increases (blue shift) with the addition
of different capping agents. The increase in bandgap can
be attributed to the slight difference in size and shape of
ZnO nanoparticles from different sources with incorpora-
tion of different capping agents (Debanath and Karmakar
2013) respectively. This is because they absorb more of
the visible light spectrum, which lets them work better as
photocatalysts.

Photoluminescence spectrum
and photoelectrochemical studies

Figure 5 depicts the photoluminescence (PL) spectra of ZnO
nanoparticles synthesised from various sources and with
various capping agents. It has two emission peaks in the UV
region near band edge emission (NBE) and a defect-related
green-orange band in the visible region. The NBE is primar-
ily caused by the radiative recombination of excitons (an
intrinsic property of wurtzite ZnO), whereas several types
of defects, including zinc vacancies, oxygen vacancies, zinc
interstitials, and adsorbed molecules, are responsible for
the broad defect-related emission (Barick et al. 2015.). The
resulting emissions of these defects are typically visible in
the (610-750 nm) range (Pramanik et al. 2020.). This could
be because the intensity of broad defect emission increases
with the addition of different capping agents. Among various
zinc sources, the PL intensity of ZnO/SHMP (Zinc nitrate)
nanoparticles showed lower intensity than the pure ZnO and
other zinc sources, which revealed that the recombination
rate of photo-induced charge carriers is extremely reduced
in ZnO/SHMP nanoparticles.

Photoelectrochemical experiments were carried out in
order to determine the charge transfer (CT) capability of
the photoinduced charge carriers in the prepared materi-
als. The photocurrent response of pure ZnO and SHMP/
ZnO nanoparticles with three on—off cycles are shown in
Fig. 6a. The SHMP/ZnO nanoparticle demonstrated a supe-
rior photocurrent response than pure ZnO, which reveals the
increase in the charge-separation efficiency of ZnO/SHMP
nanoparticles.

The electrochemical impedance spectroscopy (EIS) meas-
urements were carried out to govern the interfacial CT rate
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of the pure ZnO and SHMP/ZnO nanoparticles, and the cor-
responding Nyquist plots are shown in Fig. 6b. The SHMP/
ZnO has exhibited a smaller semicircular arc radius than
that of the pure ZnO which exposes the good conductivity
of SHMP/ZnO photocatalyst. As a result, the SHMP/ZnO
exhibits greater charge separation efficiency, which is a vital
quality for better photocatalytic activity.

Raman studies

Raman analysis was performed for all synthesized ZnO
nanoparticles and the Raman spectra of ZnO nanoparticles
with different capping agents synthesized from zinc sulfate,
zinc acetate and zinc nitrate are shown in Fig. 7. The peak
around 100 cm™ is due to the E2 (low) of the ZnO nano-
particles. The pure ZnO nanoparticles exhibited a peak at
430 cm™!, which corresponds to the E2 (high) mode of the
wurtzite structure of the ZnO nanoparticles (Silambarasan
et al. 2015.). The peak at 430 cm™! was found in all other
ZnO nanoparticles capped with different capping agents.
The peak at 1000 cm™! is due to the defects in the zone
boundary phonons, which may be IR active and appear in
the Raman (Sharma et al. 2012.). However, other peaks were
found that could be associated with the capping agents. Sim-
ilar observations were made in the Raman spectra of other
ZnO nanoparticles synthesized from zinc acetate and zinc
nitrate sources.
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This implies that the SHMP, PVP, and CPC are linked
through various zinc sources. This coupling could be impor-
tant because it prevents charge carriers from recombining
and has a synergistic impact on boosting photocatalytic
activity.

Morphological analysis

The morphology of all the samples was examined with SEM
and TEM are shown in Fig. 8 and Fig. S3. From Fig. 8 and
Fig. S3, we can see the surface morphology of the synthe-
sized pure ZnO has an agglomerated spherical structure.
Similar observations were found in SEM studies for ZnO
nanoparticles synthesized from zinc acetate and zinc nitrate
(Ahammed et al. 2020) (see Fig. 8 (i) and Fig. S3a (i)-b(i)).
The morphology with the presence of different capping
agents for all samples, namely zinc sulfate, zinc acetate, and
zinc nitrate, is shown in Fig. 8 (ii-iv) and Figure S3a(ii-iv)-
b(ii-iv). It can be seen that the ZnO/SHMP (zinc sulphate,
zinc acetate, and zinc nitrate) has well-dispersed nanocrys-
tals whose spherical morphology (Fakhari et al. 2019.) can
be seen in Fig. 8a (ii) and S3a(ii)-b(ii). PVP/ZnO (zinc sul-
phate, zinc acetate, and zinc nitrate) shows the formation
of rice grain-like structures (Shaba et al. 2021), shown in
Fig. 8(iii) and S3a(iii)-b(iii). In the case of CPC/ZnO (zinc
sulphate, zinc acetate, and zinc nitrate), the structures of the
microspheres are uniformly and homogeneously distributed
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Fig.5 Photoluminescence spectra of various capping agents (SHMP, PVP, and CPC) in the presence of a zinc sulphate, b zinc acetate, and ¢
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Fig.7 Raman spectra of various capping agents (SHMP, PVP, and CPC) in the presence of a zinc sulphate, b zinc acetate, and ¢ zinc nitrate

(Kaenphakdee et al. 2022) (Fig. 8(iv) and Figure S3a(iv
iv)). Furthermore, HR-TEM analysis is used to determine
the distribution and presence of SHMP on the surface of
ZnO nanoparticles, and the findings are shown in Fig. 8b, c,
and d. The HRTEM image clearly showed that the SHMP
spheres were evenly distributed on the surface of the ZnO
nanoplates. When ZnO/SHMP nanoparticles are present, it
is likely that there will be more reactive sites that can trap
charge carriers and attract different dye species to their sur-
faces shown in Fig. 8d. Furthermore, HR-TEM of optimized
ZnO/SHMP reveals the SHMP on the surface of ZnO nano-
particles, and the findings are shown in Fig. 8. It can be evi-
denced that the Zn, P, and O element mapping images were
detected for optimised ZnO/SHMP nanoparticle (Fig. 8e)
respectively.

The results also indicate that the degree of agglomeration
becomes weaker with increasing concentration of the cap-
ping agent (Stevanovic et al. 2011). The ZnO nanoparticles
with SHMP, PVP and CPC capping agents exhibited smaller
particle sizes and uniform shapes compared to ZnO (Javed
et al. 2016). This may be due to the high surface energy
leading to their enlargement and instability. A mechanism
involves the formation of a strong covalent bond between
the surfaces of the nanoparticles and the polymer chains
(Nguyen et al. 2014). In other words, the different sizes
and shapes of the ZnO nanoparticles caused by the capping
agents are due to the structural variation and surface coor-
dination of the molecules of the capping agent with ZnO
(Baig et al. 2021). This evidence is well supported by TEM
results shown in Fig. 8.
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Fig.8 a SEM images of various capping agents (SHMP, PVP, and CPC) in the presence of zinc nitrate source, TEM images of pure ZnO (b),
ZnO/SHMP nanoparticle (c-d). HRTEM image of ZnO/SHMP nanoparticle with Elemental mapping (e-g)

Photocatalytic degradation studies agents has been investigated by the degradation of MB

under visible light irradiation. The respective degradation
The photocatalytic degradation ability of synthesized ZnO  plots are shown in Fig. 9. It is observed that the photo-
nanoparticles from different sources with three capping  degradation efficiency of ZnO nanoparticles synthesized
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Table 2 Comparison of
photocatalytic performance of
the various ZnO catalyst

Photocatalyst Pollutant ~ Photocatalytic ~ Irradiation = References

efficiency (%)  time (min)
Cd:Ag:ZnO: PVP MB 99 120 Vignesh et al.2019
Dalbergia parviflora capped ZnO  RR 95 120 Tammanoon et.al. 2022
Gly@ ZnO NPs (GZ2) RhB 99 60 Basnet, P, et al.2020
ZnO NPs using C CR 97 130 J. Fowsiya, et.al.2017
edulis
PVP capped ZnO CR 99 120 Chankhanittha,et al. 2019
Zn0-Bi,WO¢ CIP 85 120 Chankhanittha et al. 2021
ZnO/CdS RR 73 240 Senasu, et al. 2020
Pithecellobium dulce/ZnO MB 63 120 Madhumitha et al. 2019
ZnO/ SHMP MB 80 60 Present work

MB, methylene blue; CIP, ciprofloxacin; RR, Reactive red 141; CR, Congo red; RhB, Rhodamine B

from zinc nitrate has a higher degradation efficiency com-
pared to the other two zinc sources selected in this study.
The degradation efficiency of ZnO nanoparticles from
zinc sulphate and zinc acetate was less than 50%. The

pure (ZnO) and capped ZnO nanoparticles from zinc sul-
phate and zinc acetate sources had not shown the expected
photodegradation efficiency, which could be due to the
size of the ZnO nanoparticles (Basnet et al. 2019; Sharma

e (a) 1" cycle 2% cycle 3% cycle (b) —— Before reaction
] —— After reaction
0.8 —
MW-—J
0.6 Eln
&
Sos 2
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Fig. 10 a Recycling test results for the photocatalytic degradation of MB in VLI over the optimized ZnO/SHMP nanoparticle. b XRD patterns

and ¢ TEM image of before and after recycling test of the ZnO/SHMP nanoparticles
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et al. 2020). The superiority of ZnO nanoparticles from
zinc nitrate is due to the smaller particle size compared
to the other two sources. The smaller the particles, the
larger their surface area, and the more MB are adsorbed
on the surface and degraded by light. Interestingly, not
all ZnO nanoparticles from the nitrate source showed
maximum efficiency. The degradation efficiency of ZnO
capped with PVP and CPC is found very low. The ZnO
nanoparticles capped with SHMP were superior to the
degradation of MB with an efficiency of 80%, while the
uncapped ZnO had an efficiency of 60%. The difference
in efficiency between the capping agents could be due
to the activation of surface sites for the adsorption of
MB for photodegradation (Mohamed et al. 2022). PVP
and CPC might have blocked and inactivated the surface-
active sites of ZnO for the adsorption of MB, resulting
in lower degradation efficiency compared to uncapped
and SHMP-capped ZnO (Singh et al. 2015). This demon-
strates that the interfacial charge-transfer and separation
efficiency of photoexcited charge carriers is greater for
ZnO/SHMP nanoparticles, which are highly desirable due
to their superior photocatalytic properties (Fig. 11). These
results highlight the potential of SHMP-ZnO nanoparti-
cles to efficiently degrade MB under visible light irradia-
tion. As well the photocatalytic activity of the optimized
catalyst was evaluated for the photocatalytic degradation
of tetracycline (TC) under VLI is depicted in Fig. S4. In
Fig. S4, we can infer the stable nature of TC in visible
light from the blank experimental result in the absence
of a photocatalyst.

It can further be observed that there was no significant
tetracycline photolysis until 60 min of illumination,
which revealed that the TC is relatively stable under light
irradiation. Figure S4 presents the photodegradation of
tetracycline over pure ZnO and ZnO/SHMP nanoparticles
which degrade ~49 and 33% of the TC after 60 min of
VLI. Furthermore, it can be seen that the SHMP/ZnO
nanoparticle revealed superior photocatalytic activity
than that of the pure photocatalyst prepared without
any capping agent. Table 2 compares the photocatalytic
performance of the various ZnO catalyst.

Photostability and reusability studies

To investigate the photostability and reusability of the
ZnO/SHMP nanoparticle, three cycling experiments of
MB photodegradation under visible-light illumination
(VLI) have been performed. At the end of each cycle,
the catalyst has been collected by centrifugation and
dried at 80 °C for 6 h. Then it was reintroduced into

the next cycle. Figure 10a presents the three recycling
runs of ZnO/SHMP nanoparticles over the degradation
of MB under VLI. From Fig. 10a, it can be seen that the
photocatalytic activity of the ZnO/SHMP nanoparticle
is stable even after three cycling runs, revealing the
strong photostability and reusability capabilities of the
as-synthesized ZnO/SHMP nanoparticle. Furthermore,
the ZnO/SHMP nanoparticle employed in the cycling
tests is characterized using XRD before and after the
experiments. The XRD patterns in Fig. 10b reveal no
considerable changes were observed before and after
recycling experiments of the ZnO/SHMP nanoparticle.
This evidence is well supported by TEM results
(Fig. 10c). These findings demonstrated that ZnO/SHMP
nanoparticles have strong photostability and reusability
capabilities, which are critical for their practical
applicability in pollutant degradation research.

Photocatalytic degradation mechanism

Figure 11 depicts the photocatalytic degradation
mechanism of MB using pure zinc sources and various
capping agents. When exposed to ultraviolet light,
electrons in the valence band (VB) become excited and
migrate to the conduction band (CB), leaving behind
holes (h*) in the VB. Electrons can activate molecular
oxygen to make superoxide radicals and anion O, 7,
whereas photogenerated holes (h*) can either combine
with water (H,O) or OH'~ produce OH'. Both OH" and
O, '™ are strong radicals.

This promotes the suppression of charge carrier
recombination, resulting in the ZnO/SHMP nanoparticles
having a more efficient photocatalytic property than other
photocatalytic materials (Tayyab et al. 2022a; Bavani et al.
2022). The entire photocatalytic reactions under VLI are
depicted in Fig. 11.

0,
R

eduction

Degradation
Product

Fig. 11 Pictorial representation of mechanism for the degradation of
MB over ZnO nanoparticle under VLI
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Conclusion

In the present study, the ZnO nanoparticles have been
successfully synthesized from different zinc sources by
microwave irradiation method. Moreover, the ZnO nanoparticles
were capped with three different capping agents such as SHMP,
PVP, and CPC. The synthesized ZnO nanoparticles were well
characterized by means of XRD, UV-DRS, PL, FTIR, and
Raman analysis and their results are discussed well.

The photodegradation studies confirmed the superiority
of ZnO nanoparticles prepared from zinc nitrate over other
precursors, with the highest photocatalytic efficiency
achieved (80% degradation in 60 min) when stabilized with
SHMP than other capping agents and zinc sources. These
results suggest that zinc nitrate is a suitable source for the
synthesis of ZnO nanoparticles. Based on the results of the
photocatalytic activity, stability, and reusability tests, the
ZnO/SHMP nanoparticle is recommended as a promising
material for pollutant degradation and other environmental
remediation applications.
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