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Green approach for the fabrication of a ternary
nanocatalyst (Ag-ZnONPs@Cy) for visible light-
induced photocatalytic reduction of nitroarenes to
aminoarenesf
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In recent times, the incorporation of metal oxide nanoparticles with organic dyes has piqued the interest of
numerous researchers due to their diverse applications under visible light instead of UV radiation. This
investigation employed a three-step methodology to fabricate cyanidin-sensitized silver-doped zinc
oxide nanoparticles (Ag-ZnO@Cy). Initially, cyanidin dye was extracted from fresh black mulberry fruit,
followed by the eco-friendly synthesis of Ag-ZnO nanoparticles (Ag-ZnONPs). The successful integration
of the prepared cyanidin dye with Ag-ZnONPs was achieved through a straightforward, environmentally
benign, and cost-efficient procedure. The resultant ternary composite underwent comprehensive
characterization and confirmation utilizing various techniques, such as SEM, FT-IR, EDX, DRS, elemental
mapping, and XRD. The experimental results for Ag-ZnONPs@Cy demonstrated that the nanocrystalline
wurtzite exhibited spherical shapes with an average crystal size of 27.42 nm. Moreover, the
photocatalytic activity of the synthesized Ag-ZnONPs@Cy was meticulously investigated under blue LED
light irradiation. This inquiry encompassed examinations of catalyst amount, regeneration, stability,
reusability, and the influence of light source on the hydrogenation of nitroarenes to the corresponding
aminoarenes. The findings shed light on the potential of this composite for diverse photocatalytic
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1. Introduction

Over the past few years, organic dyes have played a crucial role
in advancing the application of metal oxide nanoparticles.
These nanoparticles have found diverse uses, such as acting as
efficient photocatalysts for the removal of organic pollutants,*
contributing to the design of more efficient solar cells,” facili-
tating dye degradation processes,’> enabling hydrogen produc-
tion,* and promoting various organic transformations.® The
realm of semiconductor photocatalysis, a subset of photo-
chemistry, has attracted considerable interest owing to its
optimistic capacity for producing valuable chemicals. This
distinct method leverages the potency of light as an economical
energy resource, facilitating the transformation of demanding
reaction conditions into gentler and eco-friendlier alternatives.
As a result, researchers have been increasingly focusing their
efforts on developing photochemical reactions that can be
initiated under visible light, aligning with the principles of
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green chemistry and sustainable practices. This pursuit aims to
reduce the reliance on conventional energy-intensive processes
and pave the way for more sustainable and eco-friendly chem-
ical transformations.*®

A wide array of metal oxide nanoparticles, including MnO,
CdS, TiO,, MgO, ZnO, and WO3;, have been extensively utilized
as photocatalytic materials in organic transformations. The
reason behind their widespread adoption lies in their excep-
tional attributes, such as remarkable chemical stability, potent
catalytic capabilities, low toxicity, and cost-effectiveness. As
a result, these materials are highly sought after for promoting
a diverse range of organic reactions through photocatalysis.”**

Zinc oxide nanoparticles (ZnONPs) have established their
versatility as an oxide material, finding extensive applications
across diverse domains. These include uses in sunscreens and
cosmetics,'® antibacterial coatings,"” electronics and optoelec-
tronics,"® textiles,” nanomedicine,* anti-corrosion coatings,*
gas sensors,” transparent conductive films,> piezoelectric
devices,** and photocatalysis.>®?*® Although there are several
advantages to using ZnONPs as a photocatalyst, they also come
with certain drawbacks.”” The most significant drawback is that
ZnONPs can only participate in photochemical reactions when
activated by UV light. Unfortunately, UV light is not an abun-
dant source of radiation, and both green sources of light and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sunlight typically contain only 5-8% of UV,*® which limits the
efficiency of ZnONPs in these conditions. The effectiveness of
photocatalysis relies heavily on two key factors related to ZnO
nanostructures. First, it depends on how much of the solar
spectrum these nanostructures can capture. Efficient utilization
of a broader range of wavelengths ensures better overall
performance. Second, the life-time of the formed electron-hole
pair during the photocatalytic process plays a crucial role. The
longer the pair remains separated without recombination, the
higher the photocatalytic efficiency achieved.

A three-pronged strategy can be embraced to heighten the
efficiency of zinc oxide nanoparticles, which encounter
constraints due to their wide band-gap. Firstly, the absorption
of sunlight can be elongated to engender a larger number of
electron-hole pairs. Secondly, the photons-to-electrons conver-
sion can be fine-tuned to augment proficiency further. Lastly,
prolonging the photo-generated electron-hole lifespan pairs
can sustain their activity for an extended period.*** Over-
coming these challenges demands the implementation of
modifications involving an assortment of additives, such as
organic dyes, metal complexes, and metal or non-metal ions.
These adjustments present a promising resolution to address
the aforementioned limitations.*®

Photosensitization involves a process where a photosensi-
tizer is adsorbed onto the surface of a semiconductor. This
photosensitizer absorbs light energy and then converts it into
chemical energy. Under favorable conditions, this energy is
transferred to typically unreactive substrates through photo-
chemical reactions. Among the most extensively studied visible
light photosensitizers are diverse organic dyes like riboflavin,
Eosin-Y, alizarin red S, rose bengal, inorganic sensitizers, and
inorganic metal complexes. When a sensitizer absorbs light, it
becomes excited and injects an electron into the conduction
band of the semiconductor.*

The hydrogenation of nitro aromatics to produce corre-
sponding amines is a crucial organic transformation widely
employed in industries, serving as a starting material for
synthesizing a diverse array of organic compounds. However,
traditional reduction methods involve using environmentally
hazardous chemicals and often lead to undesirable toxic metal
sludge generation. Fortunately, advancements have been made
in recent times towards greener methodologies for reducing
nitroarenes, particularly under visible light conditions. These
greener approaches aim to minimize the environmental impact
while achieving efficient and sustainable transformations.

This study synthesized a ternary visible light-responsive
hybrid catalyst, cyaniding dye-sensitized silver doped zinc
oxide nanoparticles denoted as Ag-ZnONPs@Cy, using an
entirely green approach. The sensitizer, cyanidin dye, was
extracted from fresh black mulberry fruit and utilized to activate
pre-fabricated Ag-ZnONPs. The resulting ternary composite was
employed to hydrogenate nitroarenes to form the correspond-
ing aminoarenes but with a notable distinction. Instead of
using UV light, the catalytic reactions were carried out under
blue light irradiation. This innovative approach not only
enhances the photocatalytic activity but also underscores the
eco-friendly nature of the overall process.

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

2.1. Chemicals, materials, and characterization
methodology

All chemical compounds and solvents obtained from Sigma-
Aldrich were of analytical quality and utilized as received
without additional purification steps. Zinc chloride (CAS#:
7646-85-7, =98%, molecular weight: 136.30 g mol '), silver
nitrate (CAS#: 7761-88-8, =99%, molecular weight: 168.87 g
mol ™), acetonitrile (CAS#: 75-05-8, =99.9%, molecular weight:
41.05 g mol "), acetone (CAS#: 67-64-1, =99.5%, molecular
weight: 58.08 g mol '), ethanol (CAS#: 64-17-5, 95%, molecular
weight: 46.07 ¢ mol ) nitroarenes (CAS#: 98-95-3, 586-78-7,
41085-43-2, 7149-70-4, 100-17-4, 100-02-7, 619-72-7, 5401-94-5,
613-50-3, 22280-56-4, 16013-85-7, 38533-61-8). 5 W LED strip
lights were employed for irradiation, consisting of a red lamp,
a green lamp, a blue lamp, and a white light. The "H-NMR and
3C-NMR spectra were recorded using a 400 MHz Bruker Avance
DRX spectrometer (Billerica, MA, USA). The PerkinElmer spec-
trophotometer and FT-IR spectra were acquired (Waltham, MA,
USA). For structural analysis, an X-ray diffractometer (PAN-
alytical X’PERT-PRO MRD) equipped with a Cu Ko (A = 0.15406
nm) radiation source was used to scan between 10° and 80° at
arate of 2° min~". The absorption spectrum was analyzed using
a UV-vis diffuse reflectance spectrophotometer (UV-Vis-DRS,
SCINCO Model S-4100). For Nanostructural and chemical
analyses of the fabricated catalysts, scanning electron micros-
copy (LV-SEM, JSM-6380LV; JEOL; Sollentuna, Sweden) and
energy-dispersive X-ray spectroscopy (EDX, INCAx-sight; Oxford
Instruments; Abingdon, United Kingdom) techniques were
employed.

2.2. Preparation of neem leaf extract

In Sulaimani, Iraq, a batch of fifteen grams of freshly harvested
Neem leaves underwent a rigorous washing procedure with
distilled water to ensure the removal of any impurities.
Following this thorough washing, the leaves were finely chop-
ped and combined with 100 mL of distilled water. The mixture
was then heated for approximately one hour at a temperature of
60 °C. After the heating process, the extracts were allowed to
cool down before being filtrated using Whatman filter paper.
Finally, the filtered extracts were stored and fully prepared for
future use.

2.3. Procedure for fabrication of Ag-ZnONPs

Silver-doped zinc oxide nanoparticles (Ag-ZnONPs) were
produced by combining 45 millimoles of ZnCl, and 5 milli-
moles of AgNO; in a beaker containing 50 milliliters of distilled
water (DW) under continuous stirring. The stirring persisted
until a clear solution emerged, indicating the complete disso-
lution of the initial substances. Gradually, the neem leaf extract,
previously prepared (100 mL), was added drop by drop from
a burette into the stirred solution, maintaining the stirring for
approximately 45 minutes. Afterwards, the resulting precipitate
settled overnight and was subsequently separated through
decantation. The separated precipitate underwent a sequential
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washing process involving acetone, ethanol, and water. The
pure precipitate was then obtained through centrifugation at
4500 rpm for 10 minutes. To achieve Ag-doped ZnONPs in dry
powder form, the previously obtained precipitate was placed in
an oven at 75 °C for 4 hours. Following this, the material
underwent calcination at 300 °C for 2.5 hours.

2.4. Procedure for fabrication of Ag-ZnONPs@Cy

A novel ternary composite (Ag-ZnONPs@Cy) was synthesized
through a straightforward, green, and cost-effective process.
The procedure involved the following steps: To begin, 25 grams
of freshly collected black mulberry fruit were carefully washed
with water to eliminate any dust or impurities. Subsequently,
the black mulberries were placed onto a piece of cotton fabric
(cheesecloth) and pressed until all the fruit juice was extracted.
Following the successful extraction of the cyanidin dye, the
resulting black-violet mulberry juice was combined with 25 mL
of distilled water. The mixture was then filtered to eliminate
impurities, and the extract was subsequently evaporated and
dried in an oven at 75 °C to obtain the powdered form of the
cyanidin dye. Subsequently, a 1000 ppm (1 g in 1 L) solution of
the dye was prepared. For the adsorption process, 250 mL of
this dye solution was taken, and 2 grams of pre-fabricated Ag-
ZnONPs were introduced. The mixture was subjected to
boiling for 30 minutes. The successful combination of the
cyanidin dye from the black mulberry and the silver-doped zinc
oxide nanoparticles was confirmed by the change in particle
color from white to reddish brown. Following this, the synthe-
sized Ag-ZnONPs@Cy composite was separated using a centri-
fuge at 4500 rpm for 15 minutes. It was subsequently washed
three times with 10 mL of distilled water in each wash. Addi-
tional washing steps were carried out using ethanol and acetone
to ensure the removal of any remaining impurities. Finally, the
composite was dried at 100 °C for 4 hours to obtain the desired
product.

2.5. Photocatalytic activity: reduction of nitroarenes

The photocatalytic reduction of nitroarenes in the presence of
triethanolamine (TEOA) was carried out under blue light irra-
diation (A > 425 nm). To initiate the reaction, a fixed amount of
catalyst (10 mg) was added to a mixture of 15 mL acetonitrile
solution containing 1 mmol (1 equiv.) of nitroarenes and 10
equiv. of TEOA in a test tube. Before commencing the reaction,
N, gas was bubbled into the solution for 45 minutes, and then
the reaction vessel was sealed. The reaction was performed
under steady stirring (500 rpm), with the reaction mixture
exposed to visible light (1 > 425 nm) using a 5 W LEDs light
placed 5 cm away from the reaction vessel at room temperature.
The progress of the reactions was monitored using UV-vis
spectroscopy. Following the completion of the reaction, the
photocatalyst was recovered by subjecting the mixture to
centrifugation at 5000 rpm for 15 minutes. The solvent was
evaporated under reduced pressure, and the resulting product
was isolated using silica-gel column chromatography with
hexane-ethyl acetate as the eluent. The product yield percentage
was determined using the following formula:
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Yield (%) = [actual yield (mg)/theoretical yield (mg)] x 100

The purity and identity of the resulting products (1b-12b)
were analyzed using 'H-NMR and “C-NMR techniques. An
illustrative representation of the complete fabrication and
application process of Ag-ZnONPs@Cy in Scheme 1.

3. Results and discussion

3.1. Fabrication of Ag-ZnONPs@Cy

The ternary nanocatalyst was synthesized through a three-step
process. Firstly, fresh black mulberry fruit was locally sourced,
and its cyanidin dye juice was extracted. Secondly, Ag-ZnONPs
were synthesized through an eco-friendly and uncomplicated
approach employing neem leaf extract. This extract aids in
converting the chemical salt into nanoparticles while also
serving as a capping agent during the reduction process.*'
Lastly, the Ag-ZnONPs@Cy composite was synthesized through
a simple procedure, and further details can be found in the
experimental section. Various methods such as DRS, SEM,
elemental mapping, XRD, FT-IR, EDX, and UV-visible spec-
troscopy were employed to characterize the photocatalyst
comprehensively. These techniques provided insights into the
structural and chemical properties of the nanocatalyst.

3.2. Complexation strategy between ZnONPs and cyanidin
(Cy) dye

Cyanidin dye, possessing multiple hydroxyl groups, can bind to
the surface of zinc oxide nanoparticles through chelation or
bridging, releasing water molecules (dehydration), as depicted
in Fig. 1. The high electron affinity of zinc compared to titanium
makes zinc more prone to exhibit a stronger interaction with
ligands.” The formation of surface complexes occurs between
ZnO and the phenolic hydroxyl groups of cyanidin, akin to the
observed interactions reported with other phenolic
compounds.*™*

The quantity of cyanidin dye in the ternary nano catalyst was
determined as follow:

After the adsorption process, the residual dye was separated
from Ag-ZnONPs@Cy through centrifugation. The concentra-
tion of the dye was determined using UV-Vis spectroscopy at the
lambda max (530 nm) of the cyanidin dye. Following the
calculation, the concentration was found to be 723 ppm. The
amount of adsorbed dye (in milligrams) on the surface of Ag-
ZnONPs was then computed using the following equation:

Adsorbed cyanidin dye (mg g™}) = (Cy — Co) x Vim

C, is the initial concentration of the dye solution (ppm). Ce is
the final concentration of the dye solution after adsorption
(ppm). V is the volume of the dye solution (L). m is the mass of
the metal oxide (g).

The determined amount was found to be 34.625 mg g~ " of
cyanidin on Ag-ZnONPs.

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

3.3.1. SEM, EDX and elemental mapping. Fig. 2 and 3
illustrate the scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), and elemental mapping
images of the synthesized Ag-ZnONPs and Ag-ZnONPs@Cy.
This analysis aimed to assess the structural and elemental
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Illustrative process for producing and utilizing Ag-ZnONPs@Cy, depicted step-by-step.

characteristics of the synthesized Ag-ZnONPs and Ag-
ZnONPs@Cy. The investigations were carried out at magnifi-
cations of 200 nm and 1 pm. Fig. 2a and b show that the Ag-
ZnONPs possess a spherical structure and are arranged in
a regular pattern, displaying particle sizes ranging from 20 to
50 nm. Although there are instances of particle agglomeration,

OH OH OH

HO HO

ZnO surface Zn0O-Cyanidin ZnO-Cyanidin
surface HO surface surface
OB OH OH OH Cyanidin OH OH OH O OH OH o o OH OH OHO_ 0O
N N — L or L1 \ /o L1 1
Zn  Zn Zn Zn -H,0 Zn  Zn Zn Zn Zn Zn Zn Zn Zn  Zn Zn Zn

Unidenate (I)

| Bridging-bidenate (II) Chelating (11I) |

The presence of two adjacent hydroxyl groups in the cyanidin
dye makes it highly probable in this particular scenario.

Fig. 1 Potential approaches for complexation between ZnONPs and cyanidin (Cy) dye are being explored.
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Fig. 2 SEM images of (a and b) Ag-ZnONPs, and (c and d) Ag-ZnONPs@Cy in different magnifications.

the distribution of particle sizes remains mostly uniform. collectively indicate the absence of impurities in the synthe-
Furthermore, Fig. 3a displays the EDX spectrum of the Ag- sized Ag-ZnONPs, affirming their successful formation.

ZnONPs, accompanied by a quantitative determination of the Fig. 2c, d, and 3b depict the SEM, EDX, and elemental
constituent elements. The spectrum and mapping images mapping results of the composite material Ag-ZnONPs@Cy.
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Fig. 3 EDX spectrum and elemental mapping of (a) Ag-ZnONPs, and (b) Ag-ZnONPs@Cy.
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Compared with Ag-ZnONPs, an observable growth in particle
size (ranging from 60 to 80 nm) is apparent; however, the
fundamental shape and morphology remain consistent. The
elemental composition analysis reveals the presence of Zn
(45.04 W%), O (25.66 W%), Ag (22.20 W%), and C (7.09 W%)
elements in Ag-ZnONPs@Cy, confirming the successful
synthesis of the composite without any undesirable impurities.
These findings are in alignment with those obtained through
the X-ray diffraction (XRD) technique.

3.3.2. Vibrational spectroscopy study. FT-IR spectroscopy
was employed to identify the functional groups in cyanidin dye,
Ag-ZnO, and Ag-ZnO@Cy. The most prominent peaks are
highlighted in Fig. 4. Cyanidin dye exhibited several charac-
teristic peaks that were in good agreement with previously re-
ported work on anthocyanin dye extracted from blueberry
powder.*®

In the spectra of all three compounds, an intense broad peak
appeared around 3400 cm™', attributed to OH stretching
vibrations. Additionally, vibrational C-H stretching was
observed near 3000 cm -, C=C stretching was present at
2109 ecm ™', and conjugated alkene vibrations were found at
1615 cm™'. Moreover, C-O-C stretching was observed at
1105 cm ™" in both Cy and Ag-ZnO@Cy spectra but was absent in
Ag-ZnO. An interesting observation was an intense band in the
500-600 cm ' range, which served as a characteristic peak for
Zn-0 stretching in both Ag-ZnO and Ag-ZnO@Cy, but was not
present in the cyanidin dye spectrum. These results strongly
suggest that cyanidin dye was successfully conjugated with Ag-
ZnONPs, as indicated by the presence of specific peaks in Ag-
ZnO@Cy that were absent in Ag-ZnO and cyanidin dye spectra.

3.3.3. XRD study. X-Ray diffraction has been utilized for
elucidating the arrangement of crystalline solids and deter-
mining the phase composition of the synthesized Ag-
ZnONPs@Cy, as illustrated in Fig. 5. The XRD pattern of the
composite reveals distinct sets of ZnO, Ag, and Cy characteris-
tics. The observed peaks, accompanied by their corresponding

1

m——Ag-ZnONPs — Ag-ZnO@Cy

1aes Cy

Transmittance (%T)

10 S 4
O-Hg: .~ CHg, C=Cy,, Comjugated o gy ZnOg,

O T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4 FT-IR spectra for cyanidin dye (black dots), Ag-ZnO (red), and
Ag-ZnO@Cy (blue).
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Fig. 5 XRD spectra of Ag-ZnONPs@Cy shows the peaks of each
ZnONPs, AgNPs and cyanidin dye.

indices, namely 32.13° (100), 34.62° (002), 36.54° (101), 47.71°
(102), 56.57° (110), 63.14° (103), 66.54° (200), 67.80° (112),
69.17° (201), and 72.81° (004), confirm the hexagonal structure
of ZnONPs within the ternary nanocomposite. This structural
arrangement aligns precisely with the established reference
data (JCPDS, card no. 89-1397).*” Furthermore, the peaks situ-
ated at 38.09° (111), 44.2° (200), 64.62° (220), and 77.16° (311)
validate the face-centered cubic configuration of the silver
nanoparticles, consistent with the data found in (JCPDS, card
no. 89-3722).*® In addition, some faint peaks are discernible in
the 2 theta range of 15°-30°, indicative of cyanidin dye within
the ternary nanocomposite. These outcomes corroborate find-
ings from other studies wherein organic components were
linked with nanoparticles.*>*® The XRD analysis outcomes
collectively affirm the successful synthesis of the Ag-
ZnONPs@Cy ternary composite. The average crystalline size of
the Ag-ZnONPs@Cy nanocomposites is determined by applying
Scherrer's equation (D = kA/g cos 6). Here, D signifies the crystal
size, with k representing the crystal shape constant set at 0.90, A
denoting the X-ray wavelength at 0.15406 nm, ¢ indicating the
full width at half maximum (FWHM), and 6 corresponding to
the diffraction angle. The application of this equation yields an
average crystallite size of 27.42 nm for the ternary composite.
3.3.4. UV-vis and DRS study. Upon exposure to light, elec-
trons within the cyanidin dye can be energized, transitioning
from their highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). This process
empowers the dye to transfer electrons to the connected metal
oxide nanoparticles. This intrinsic property renders the natural
dye valuable as a photosensitizer in solar cell applications.*
Numerous investigations have been conducted regarding its
UV-Vis absorption characteristics and energy band gap, both in
theoretical and practical contexts, using various solvents such
as water, acetonitrile, and ethanol. The computed range for
wavelength lies between approximately 300 nm to 700 nm, and
the associated band gap energy is estimated to be within the

RSC Adv, 2023, 13, 34904-34915 | 34909
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ZnONPs@Cy.

range of 2.1 to 2.81 eV.**** In light of the outcomes documented
in existing literature, it is reasonable to anticipate that the
cyanidin dye can serve effectively as a sensitizer for activating
metal oxides with broadband gap energies within the visible
light spectrum.

In this study, the optical properties of the fabricated cata-
lysts, unmodified Ag-ZnONPs and Ag-ZnONPs@Cy, were inves-
tigated using UV-visible spectroscopy and diffuse reflection
spectroscopy (UV-vis DRS) in both liquid and solid states. The
obtained results, depicted in Fig. 6, clearly demonstrated that
Ag-ZnONPs lacked effective absorption of visible light. In
contrast, Ag-ZnO@Cy exhibited a substantial extension of its
visible light-harvesting range, attributed to the broad overlap of
the dye (Cy) with the visible light spectrum (350-650 nm). This
enhanced visible light absorption confirmed the successful
combination of ZnONPs with the dye (Cy) in Ag-ZnO@Cy. Due
to its ability to efficiently harness visible light, Ag-ZnO@Cy
presents itself as a promising candidate for catalyzing organic
transformations under green conditions with different visible
light sources.

3.4. Photocatalytic activity

The powders of Ag-ZnONPs and Ag-ZnONPs@Cy exhibited
colors of white and reddish-brown, respectively, as shown in
Fig. S1 of the ESI.f The UV-vis and diffuse reflectance spectra
(DRS) of Ag-ZnONPs and Ag-ZnONPs@Cy are depicted in Fig. 6a
and b. In Fig. 6a, the UV-vis spectroscopy of the synthesized

NO, NH,

Cy or Ag-ZnONPs or
Ag-ZnONPs@Cy (10 mg)

Y

Blue LEDs light (3W),
CH;CN (15 ml), N, TEOA

Scheme 2 Photocatalytic reduction of nitrobenzene to aniline under
optimized conditions.
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Ag-ZnONPs@Cy

/ 488 nm

547 nm

Ag-ZnONPs

/

T T T T T T T
900 350 400 450 500 550 600 650 700

Wavelength (nm)

(a) UV-Vis spectra of fresh extracted black mulberry juice, Ag-ZnONPs and Ag-ZnONPs@Cy, and (b) DRS spectra of Ag-ZnONPs and Ag-

catalyst, both before and after being coupled with the cyanidin
dye, is explained. Ag-ZnONPs@Cy displayed wide absorption
bands in the visible light range (350-650 nm), with a peak
absorption wavelength of around 495 nm. On the other hand,
unmodified Ag-ZnONPs showed no significant absorption
activity. It is worth noting that the A.x (peak absorption
wavelength) of Ag-ZnONPs@Cy was shifted towards the blue
region compared to the free cyanidin (Cy) dye. The solid-phase
diffuse reflectance spectroscopy (DRS) analysis of the catalysts
is illustrated in Fig. 6b. Interestingly, the modified Ag-ZnONPs
exhibited a Amax at 488 nm, and two additional peaks were
observed at 547 nm and 634 nm. In contrast, the unmodified
Ag-ZnONPs displayed a weak absorption peak. This phenom-
enon can be attributed to the surface plasmon resonance (SPR)
of silver (Ag) nanoparticles or atom clusters located on the
surface of the metal oxides, as described by previous studies.>**®

Initially, the photocatalytic performance of Cy, Ag-ZnONPs,
and Ag-ZnONPs@Cy in catalyzing the reduction of nitroben-
zene to produce aniline under visible light irradiation (1 > 425
nm) was examined. The reaction conditions for converting
nitrobenzene to aniline are outlined in Scheme 2. When Cy dye
was used alone, no products were detected. In contrast,
employing the Ag-ZnONPs catalyst resulted in an isolated yield
of 18% in the presence of TEOA after 30 minutes. Notably, in the
case of Ag-ZnONPs@Cy, an impressive yield of 98% was
achieved.

The efficiency of photocatalysis for both catalysts was
assessed in the context of reducing nitrobenzene (NB) to
generate aniline (AN) using acetonitrile as the solvent. Upon
initiating the reaction, the maximum absorption of NB was
noted at a wavelength of 270 nm. The UV-vis spectra illustrating
the photo-reduction process of NB to AN were provided in
Fig. 7a and b for Ag-ZnONPs and Ag-ZnONPs@Cy, respectively.

As the reaction commenced, a new peak emerged at 230 nm,
corresponding to aniline formation, while the intensity of the
270 nm peak diminished. This reduction in intensity indicates
the conversion of NB to AN, aligning with findings reported in
prior investigations.*”*®

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06448d

Open Access Article. Published on 30 November 2023. Downloaded on 3/6/2026 10:16:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances

Paper
2.0
=0 min.
1.8 ——5 min.
=10 min.
1.6 =15 min.
—— 20 min.
1.4
= 25 min.
1. —— 30 min.
8
g1
£
20.8
<
0.6 -
0.4 -
0.2
0.0 T T

e 0 MiN.
1.8 . fem 5 MiN.
frm 10 MiN.
frme 15 MN.
= 20 MiN.
25 min.
===30 min.

N

Absorbance (a.u)
o

0.4

0.2 4

T T T T T T
200 220 240 260 280 300 320 340 360
wavelength (nm)

0.0 T T T T T T T
200 220 240 260 280 300 320 340 360
wavelength (nm)

Fig. 7 UV-visible spectra obtained after 30 minutes for the transformation of NB to AN using (a) Ag-ZnONPs and (b) Ag-ZnONPs@Cly.

Drawing from the results of the conversion analysis, it can be
inferred that the integration of the cyanidin dye significantly
amplifies the photocatalytic effectiveness of Ag-ZnONPs.
Consequently, throughout this study, Ag-ZnONPs@Cy was
employed for hydrogenating aromatic nitro compounds into
their corresponding amino compounds.

Several control experiments were also performed to deter-
mine the optimum condition before using the catalyst for

Table 1 The optimization and control experiments of the catalysis
system for the reduction of NB to AN

NO,
Ag-ZnONPs@Cy (X mg) o

Light (3W), Solvent

NH,

Cat.
Entry Light source (X mg) Solvent Yield (%)
1 White LEDs-3W 10 CH;CN 42
2 Green LEDs-3W 10 CH;CN 74
3 Blue LEDs-3W 10 CH;CN 98
4 Red LEDs-3W 10 CH;CN 19
5 Dark 10 CH;CN 0
6 Blue LEDs-3W — CH;CN 2
7 Blue LEDs-3W 2 CH;CN 25
8 Blue LEDs-3W 3 CH;CN 48
9 Blue LEDs-3W 5 CH;CN 83
10 Blue LEDs-3W 10 CH;CN 98
11 Blue LEDs-3W 15 CH;CN 72
12 Blue LEDs-3W 10 H,0 Trace
13 Blue LEDs-3W 10 EtOH 31
14 Blue LEDs-3W 10 DMSO 51
15 Blue LEDs-3W 10 EtOAc 56
16? Blue LEDs-3W 10 CH;CN 29
17¢ Blue LEDs-3W 10 CH;CN 0
18¢ Blue LEDs-3W 10 CH;CN 98

“ Standard condition: NB (1 mmol, 1 equiv.), CH;CN (15 mL), TEOA (10
equiv.) blue LEDs (3 W, 2 > 425 nm) under N, and the reaction vessel was
sealed. The reaction was carried out at room temperature in 30 min
reaction time. ? The reaction performed in air.  The reaction was
conducted without TEOA. ? The reaction time was 2 h.

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

hydrogenation of nitrobenzene derivatives which is summa-
rized in Table 1, which includes performing the reaction in the
dark, testing different LED light sources, solvent effect, amount
of catalyst loading for the conversion, sacrificial electron donor
(TEOA), the presence of O, as electron trapper.

Observations were made indicating that the reaction does
not proceed in the absence of light (Table 1, entry 5).
Conversely, using blue LED light leads to a higher yield
percentage (Table 1, entry 3) compared to the outcomes with
white, green, and red LEDs (Table 1, entries 1, 2, and 4). Various
solvents, including ethanol, acetonitrile, DMSO, ethyl acetate,
and water, were tested, and CH;CN emerged as the optimal
solvent, providing a superior yield percentage (Table 1, entry 3).
Notably, using 10 mg of the loaded catalyst yielded improved
results (Table 1, entry 3). The multifunctional character of TEOA
has been demonstrated in previous studies,*®*® serving as an
electron donor to the dye sensitizer to restore the oxidized form
to its original state and also acting as a proton source for
hydrogenation of nitroarenes to aminoarenes.®*** The absence
of TEOA led to the non-formation of the product in the reaction
(Table 1, entry 17). Similarly, conducting the reaction in the
presence of atmospheric O, instead of N, did not yield the
desired product (Table 1, entry 16).

Utilizing the optimal conditions (Table 1, entry 3) for the
reduction of nitroarenes to aminoarenes (as shown in Table 2),
the desired products were obtained successfully, achieving
remarkable percentage yields. These initial outcomes from the
developed ternary composite (Ag-ZnONPs@Cy) for efficient
hydrogenation provide strong motivation for further explora-
tions in the realm of photoredox catalysis, encompassing
a diverse array of organic transformations.

3.5. Regeneration and reusability of the catalyst

The practical application of photocatalysts heavily relies on
their reusability, making it a pivotal aspect to investigate. In this
context, the recyclability of Ag-ZnONPs@Cy was examined
through a series of six recycling experiments involving NB
reduction. After each reduction process, the photocatalyst was

RSC Adv, 2023, 13, 34904-34915 | 3491
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Table 2 The range of substrates explored using the newly developed Ag-ZnONPs@Cy photocatalyst®
Isolated
Entry Substrate Product Time (min) yield (%)
1 QNOz QNHz 30 98
2 BrONOZ BrONHZ 40 96
Br Br
3 55 89
NO, NH,
4 45 93
Br NO, Br NH,
\ \
5 0 NO, 0 NH, 75 95
6 HOONOZ H04<i>—m-|2 35 91
7 NCONOZ NCONH; 25 97
H H
N N
8 N N 60 90
Y% Y%
O,N HoN
N N
X A
O:N 7 HoN 7
N cl N cl
X X
10 | 65 94
O,N 7 HoN 7
cl N Cl cl N Cl
A A
11 | 50 82
O,N 7 HoN 7
Cl | N\ O\ Cl | N\ O\
12 55 85
O,N 7 H,N 7

“ The reaction condition: nitroarene (1 mmol, 1 equiv.), TEOA (10 equiv.), catalyst (10 mg), solvent; CH;CN (15 mL), N, gas, blue LEDs light (3 W, 1>

425 nm) and room temperature.

retrieved through centrifugation, followed by washing, drying,
and subsequent utilization in the succeeding cycle.

Fig. 8a and b depict the IR spectrum and XRD patterns of the
ternary catalyst, both before initial use and after undergoing six
usage cycles. It is evident that there are no significant alter-
ations in the structure of the catalyst. This observation serves as
a confirmation of the exceptional stability over prolonged usage
periods. Fig. 8c displays the progressive photo reduction of NB
to AN by Ag-ZnONPs@Cy across six successive cycles. Notably,
there is no discernible decline in the photocatalytic efficiency,
with only a marginal 2.5% decrease in efficacy. These results

34912 | RSC Adv, 2023, 13, 34904-34915

validate the remarkable and consistent photocatalytic stability
of Ag-ZnONPs@Cy over multiple cycles, alongside its excep-
tional performance.

3.6. Mechanistic study

Utilizing findings from UV-vis and DRS investigations, along
with insights from comprehensive literature reviews,”* it is
evident that the cyanidin dye exhibits a band-gap energy situ-
ated within the visible light spectrum, as depicted in Fig. 6a and
b. This characteristic renders the dye proficient in absorbing
photonic energy, converting it into electronic energy.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a’ Fresh Ag-ZnONPs@Cy

Ag-ZnONPs@Cly after last cycle

Fresh Ag-ZnONPs@Cy

Ag-ZnONPs@Cly after last cycle

Fig.8 Representation of (a) infrared spectra, (b) X-ray diffraction patterns, and (c) the reusability of Ag-ZnONPs@Cy after six cycles, recovering at

the end of each reduction cycle.

Furthermore, in the context of a photo-redox catalysis system,
the cyanidin dye demonstrates the ultrafast capability to inject
electrons into the associated metal oxides, thereby facilitating
efficient electron transfer.”

To uncover the inherent reaction mechanism, the utilization
of 1,4-benzoquinone served as a means to determine if the
process adheres to a radical pathway. Notably, benzoquinone is
recognized for its capability to quench superoxide radicals.*®
Despite this, it was noted that the introduction of benzoqui-
none had no impact on the reaction rate. Consequently, it is
reasonable to deduce that the reaction mechanism does not rely
on a radical pathway.

Based on the findings derived from this study, along with
a comprehensive review of the literature,**>*¢%%% ag well as

€

Cyanidin
(Cy)

ZnONPs

quenching and control experiments, we have formulated
a mechanistic proposal for the conversion of nitroarenes to
aminoarenes utilizing cyanidin dye-sensitized Ag-ZnONPs. The
sequence is outlined as follows: upon exposure to blue light, the
cyanidin dye transitions from its ground state (Cy) to an excited
state (Cy*). In this excited state, the dye molecule injects elec-
trons into the conduction band of ZnONPs. Subsequently, these
electrons are transferred to the surface of Ag, leading to the
generation of H, by extracting a proton from the sacrificial
donor (TEOA), thereby facilitating the reduction process. The
catalytic cycle concludes as the sacrificial donor reduces the
excited dye back to its initial state (Cy), thus completing the
cycle. A comprehensive depiction of this process can be found
in Fig. 9.

H' 4

Fig. 9 A proposed mechanism for the reduction of nitroarenes to aminoarenes by Ag-ZnONPs@Cly.

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

This study presents the successful modification of Ag-doped
ZnONPs into a visible-light-active hybrid photocatalyst by inte-
grating them with the cyanidin (Cy) dye sensitizer. The resulting
ternary material (Ag-ZnONPs@Cy) was synthesized using
a multistep, straightforward, and environmentally conscious
green method. Various characterization techniques such as FT-
IR, XRD, SEM, elemental mapping, EDX, UV-Vis, and DRS were
employed to ascertain the identity and photocatalytic efficacy of
the produced ternary composite. Subsequently, this composite
was employed as a photocatalyst to reduce aromatic nitro
compounds into their corresponding amines under blue light
irradiation. Impressively, the reaction demonstrated remark-
ably short completion times (25-85 minutes) along with good to
excellent isolated yield percentages. Introducing a sacrificial
electron donor (TEOA) facilitated electron and proton media-
tion within the reaction. A series of control experiments were
conducted to elucidate the mechanistic pathway, revealing that
the reaction proceeded through an electron transfer route.
Given the pivotal importance of recovery and reusability in
heterogeneous photocatalysts, the regeneration and reusability
of the fabricated catalyst were explored. The results indicated
that the catalyst maintained excellent photocatalytic activity for
at least six cycles upon regeneration. Overall, the outcomes
from this study underscore the potential of the ternary
composite Ag-ZnONPs@Cy as a promising photocatalyst for
diverse organic transformations under visible light exposure.
This approach offers a straightforward, cost-effective, and
friendly for achieving these

environmentally avenue

transformations.
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