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The different dyes used and discharged in industrial settings and microbial pathogenic issues have raised
serious concerns about the content of bodies of water and the impact that dyes and microbes have on
the environment and human health. Efficient treatment of contaminated water is thus a major challenge
that is of great interest to researchers around the world. In the present work, we have fabricated
functionalized silver-doped ZnO nanoparticles (Ag-doped ZnO NPs) via a hydrothermal method for
wastewater treatment. X-ray photoelectron spectroscopy analysis confirmed the doping of Ag with ZnO
NPs, and X-ray diffractometry analysis showed a decreasing trend in the crystallte size of the

synthesized ZnO NPs with increased Ag concentration. Field emission scanning electron microscopy
Received 28th November 2022

Accepted 28th December 2022 study of pure ZnO NPs and Ag-doped ZnO NPs revealed nanocrystal aggregates with mixed

morphologies, such as hexagonal and rod-shaped structures. Distribution of Ag on the ZnO lattice is
confirmed by high-resolution transmission electron microscopy analysis. ZnO NPs with 4 wt% Ag doping
showed a maximum degradation of ~95% in 1.5 h of malachite green dye (80 mg L™) under visible light
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and ~85% in 4 h under dark conditions. Up to five successive treatment cycles using the 4 wt% Ag-doped
ZnO NP nanocatalyst confirmed its reusability, as it was still capable of degrading ~86% and 82% of the dye

under visible light and dark conditions, respectively. This limits the risk of nanotoxicity and aids the cost-

effectiveness of the overall treatment process. The synthesized NPs showed antibacterial activity in
a dose-dependent manner. The zone of inhibition of the Ag-doped ZnO NPs was higher than that of the
pure ZnO NPs for all doping content. The studied Ag-doped ZnO NPs thus offer a significant eco-
friendly route for the effective treatment of water contaminated with synthetic dyes and fecal bacterial load.

1. Introduction

Water is a fundamental need and natural resource to enable the
survival of living species on earth. Effects of climate change and

Dr. Swati Meena is currently an
Assistant  Professor at the
Department  of  Chemistry,
University of Rajasthan, Jaipur,
India. She completed her PhD in
chemistry at Jai Narain Vyas
University, Jodhpur, Rajasthan,
India. She is the author and co-
author of six scientific publica-
tions. Her main interests are
waste water treatment, dye
degradation and photocatalysis.

Dr. Ashwani Kumar has been
working as a CSIR Pool Scientist
at the Institute Instrumentation
Centre IIT Roorkee, India since
September 2020. He worked as
a CSIR-Postdoctoral Research
Associate at the Institute Instru-
mentation Centre (IIC), IIT
Roorkee, India from September
2017 to September 2020. Dr
Kumar earned a PhD degree in
experimental condensed matter
physics (nanoscience and nano-
technology) from IIT Roorkee, India, in April 2018. His research is
focused on the fabrication and characterization of nanostructured
thin films of novel and functional materials, and the study of their
microstructural, optical, electronic, chemical sensing and electro-
chemical properties for photonics, optoelectronics, energy storage
and solid-state sensing devices. He completed an M.Tech. in
nanotechnology at IIT Roorkee, India, in 2013.

806 | Nanoscale Adv, 2023, 5, 805-819

population growth are globally linked to water pollution.
Synthetic dyes used in the paper and textile (clothing) industries
are one of the major sources of pollution in water bodies.”
Nowadays, these industries are witnessing a surge in the use of
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organic dyes such as malachite green (MG).? These user-friendly
dyes employed in the textile industry offer a diversity of colour
palettes, stability, and extensive wet profiles.* However, the
discharge of untreated water from such industries seriously
threatens the environment and human health.” Dyes such as
MG have carcinogenic, teratogenic, and mutagenic effects.
There is ample literature available that mentions the conse-
quences of dye-contaminated wastewater (MG, methylene blue
(MB) and methyl orange (MO), etc.) on different parts of the
environment.®

In addition to MG, Escherichia coli (E. coli) is a Gram-negative
bacterial member of the fecal family coliform that normally
lives in the intestines of humans and animals. E. coli is a strong
indicator of sewage or animal waste pollution in water. Sewage
and animal waste contain illness-inducing organisms.
Consumption of such organisms causes serious illnesses, such
as stomach upset, vomiting, fever or diarrhea.”
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Fig. 1 Structure of MG dye.

The present study is focused on MG, which is an organic dye
compound with a molecular weight of ~364.9 g mol " and
represented by the molecular formula C,;H,5CIN,%. MG is
highly soluble in ethanol and water, forming blue-green solu-
tions, and is widely used for dyeing materials such as paper,
wool, leather, and cotton silk.®* Moreover, this dye affects the
reproductive and immune systems and shows potential geno-
toxic and carcinogenic effects.’

Many technologies have been established for the degrada-
tion of dyes as water pollutants, such as biodegradation, elec-
trochemical, adsorption (physical), and chemical techniques.®
Over the past few years, metal oxide NP-mediated photocatalysis
under ultraviolet-visible (UV-vis) light has gained significant
attention for degrading synthetic dyes in a wet environment.™
Over conventional methods that require the use of harmful
oxidants and/or facilitated partial dye degradation, photo-
catalysis offers an effective and eco-friendly route toward dye
contamination instead of simply transforming the dye into
another phase.” Photocatalysis is initiated by photons in UV
light that excite electrons (e”) in the valence band (VB) of the
photocatalyst that then move to the conduction band (CB) and
generate holes (h").** The generated e /h* pair promote reac-
tions, which then leads to the complete reduction of organic
pollutants, e.g., dyes interact/adsorb on the surface of
semiconductors.'***

In the II-VI group, as a wide band gap semiconducting
material, ZnO has attractive optical, electrical, sensing, cata-
Iytic, and magnetic properties.'” The notable materialistic
properties of ZnO have captivated scientific communities and
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driven research on ZnO at the nanoscale level because of its
application in sensors, photocatalysis, biological screening,
cosmetics, electronics, and optoelectronics.™ In the search for
ZnO NPs with novel properties, doping with metals is a prom-
ising area where surface properties can be fine-tuned based on
the target applications." Several research groups, such as Vikal
et al.,*® Tkram et al.,*® Mishra et al.,** Ambedkar et al.,*> Kadhim
et al.,”® Zelekew et al.,"” Liu et al,' and Kumar et al.,> have
prepared ZnO NPs doped with different metals, such as silver
(Ag), copper (Cu), chromium (Cr), manganese (Mn), aluminium
(Al) and magnesium (Mg), etc., via diverse approaches. However,
the selection of dopants is based on the type of application
coupled with the methodology adopted. Many researchers have
performed ZnO NP doping with different noble metals, such as
Ag, Au, Pd, and Pt, for enhanced photocatalytic activity.**
Among other noble metals, Ag has been identified as a suitable
candidate for catalytic activities because of its high electrical
conductivity, non-hazardous nature, stability, and relative
affordability among materials.”>® Silver is seen as a preferred
dopant for creating shallow acceptor levels in the ZnO lattice
and is an appropriate candidate for photocatalytic and various
optical applications. The benefits of Ag as a dopant in a ZnO
lattice enhanced superficial charge delivery and CB generation
via a photocatalytic reaction when it exposed to UV light.”®

To the best of available resources, there has been no signif-
icant literature reported so far that has examined the photo-
catalytic reduction of MG dye under dark conditions using Ag-
doped ZnO NPs.

Therefore, the present work is focused on the preparation of
functionalized Ag-doped ZnO nanocatalysts for the treatment of
waste contaminated with MG dye and fecal coliform bacteria,
i.e., E. coli (Fig. 1).

2. Experimental
2.1 Materials and methods

The MG dye, zinc chloride (ZnCl,), silver nitrate (AgNOj3), sodium
hydroxide (NaOH), hydrochloride acid (HCI), benzoquinone, tert-

butanol and ammonium oxalate chemicals used in the
ZnCl; (precursor salt) +
AgNO; (dopant)
’ (aq.) NaOH

5 (Precipitating agent)

teflon autoclave

placed in hot air
oven operated
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experiments were of analytical grade and utilized as such without
any further purification. All solutions used in the experimental
work were prepared in double-distilled water (DDW).

2.2 Synthesis of pure and Ag-doped ZnO NPs

ZnO NPs were prepared via a chemical route (hydrothermal
synthesis) utilizing ZnCl, (0.7 M) as a precursor salt and an
aqueous solution of NaOH (1 M) as a precipitating agent.>® The
reaction mixture was allowed to process in an autoclave at 210 °
C temperature for 8 h under autogenous pressure.” The ZnO-
NPs were recovered as a white precipitate following filtration,
washed multiple times with DDW, allowed to dry at 140 °C for
120 min,* and finally adopted a fine powdered form. Similar
steps were undertaken to synthesize Ag-ZnO-NPs by varying the
dopant (AgNO;) concentration to obtain ZnO NPs with 2%, 4%,
and 6% Ag doping (wt%).** The prepared Ag-doped ZnO
samples were annealed at 800 °C for 180 min.*" Fig. 2 shows the
important steps in fabricating undoped and Ag-doped ZnO NPs
via hydrothermal synthesis. The detailed process, including the
chemical reactions involved at each synthesis stage, is provided
in our previous study."

2.3 Characterization of pure and Ag-doped ZnO NPs

The structure, phases, and crystallinity of the synthesized ZnO
NPs were analysed using an X-ray diffractometer (Bruker AXS,
D8 Advance). Field emission scanning electron microscopy
(FESEM) (FEI, Quanta 200F) and energy dispersive X-ray (EDX)
analysis were used to examine the surface morphology and
composition of the ZnO NPs, respectively. The structural and
morphological properties of the Ag-doped ZnO NPs were
confirmed through transmission electron spectroscopy (TEM)
measurements. X-ray photoelectron spectroscopy (XPS) was
performed to analyse the electronic spectra of Ag and confirm
the doping of the ZnO lattice. UV-vis and photoluminescence
spectroscopies were used to evaluate the optical properties and
chemical bonding of the prepared Ag-doped ZnO NPs,
respectively.

hot air oven
Ag-doped ZnO

i at 210°C for 8
h. ‘ \
p ' )

ZnCl, (precursor salt) -

= continuous stirring
= at 60°C for 1.5 h.

| nanostructure
--------- >
—_—

| Virgin  ZnO ', ]
nanostructure °

Fig. 2 Schematic diagram of the synthesis of pure and Ag-doped ZnO NPs.
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2.4 Photocatalytic activity

Aqueous solutions of the dye were prepared in DDW
(80 mg L"), using 5 mg of the respective ZnO NPs or Ag-doped
ZnO NPs (Ag concentration varied from 2-6%) as a catalyst,
followed by continuous stirring in a double-walled quartz
photoreactor equipped with a water chiller and a 35 W tungsten
lamp as a light source.®* At 15 min time intervals, a 5 mL aliquot
from each treatment was collected, centrifuged at 10 000 rpm,
and the absorbance of the supernatant was recorded at 617 nm
using UV-vis spectroscopy.*® The effects of dye concentration
(60-140 mg L"), pH (6 to 10), and dark conditions on the
degradation of MG dye were also investigated for the optimized
catalyst treatment. The degradation rate was calculated using
eqn (1):

S T 1)

Ao

where A, and A, are the initial absorbance and absorbance at
time “¢”, respectively.”*

2.5 Antimicrobial activity of the Ag-doped ZnO NPs

The antibacterial activity of the pure ZnO and Ag-doped ZnO
NPs was tested against E. coli by agar disc diffusion assay
(ADDA), which is commonly used for microbial sensitivity
testing.** A pure culture of E. coli was inoculated into freshly
prepared nutrient Broth media and maintained at 37 °C for
~16 h.** After ~16 h, the E. coli cell culture (10 pL) was spread
on solidified nutrient agar media in Petri dishes. Sterile filter
paper discs (~6 mm each)* dipped in different concentrations
of NPs (0 to 1000 ppm)*” were placed on Petri dishes. The discs
dipped in DDW were considered to be a negative control.*® The
Petri dishes were kept in an incubator overnight, and the zone
of inhibition (ZOI) was recorded in mm.

3. Results and discussion
3.1 Structural properties

The diffraction peaks (Fig. 3) of pure ZnO NPs and Ag-doped
ZnO NPs were observed at 26 values of 31.88°, 34.59°, 36.34°,
47.68°, 56.78°, 63.07°, 68.05°, and 69.36°, corresponding to
(100), (002), (101), (102), (110), (103), and (112) orientations,
respectively [JCPDS card number 36-1451].**> A highly intense
peak was observed at 36.34° for the (101) lattice plane. The XRD
analysis of the Ag-doped ZnO NPs revealed a reflection at 46.32°
corresponding to Ag,O along the lattice plane (211) [JCPDS card
number 76-1393].2>>

The Scherrer equation was used to estimate the crystallite
size (CS) of the prepared NPs for a highly intense peak
(eqn (2)).*** Where, D is the average crystallite size, A is the
CuK,-radiation (0.154 nm), § full width at half maximum
(FWHM) of the peak, and 6 is the Bragg's angle. It was observed
that the CS decreased with an increase in Ag concentration, i.e.,
in the order of: ZnO NPs (42 nm) > 2 wt% Ag-doped ZnO NPs
(40 nm) > 4 wt% Ag-doped ZnO NPs (38 nm) > 6 wt% Ag-doped
ZnO NPs (36 nm).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of pure and Ag-doped ZnO NPs.
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Such variations in the CS of prepared NPs could be due to the
fact that the ionic radius of Ag (0.126 nm) is far greater than that
of Zn (0.074 nm).** The observed peak of Ag,0O in the XRD
patterns clearly indicated the formation of crystalline Ag clus-
ters in the nanostructures.” Similar to other monovalent
dopants like Na" and K, Ag occupied both the lattice and
interstitial sites.*

3.2 Surface and elemental analysis

Fig. 4 shows FESEM images that reveal the mixed hexagonal and
rod-shaped morphologies of the pure ZnO and Ag-doped ZnO
nanocrystal aggregates. Nie et al.** reported the formation of
rod-shaped ZnO NPs via a hydrothermal method. The elemental
composition of the synthesized NPs from EDX analysis
confirmed the presence of Ag, Zn, and O in suitable stoichio-
metric proportions.*

3.3 XPS analysis

XPS measurements were carried out for undoped and Ag-doped
ZnO NPs. The binding energies of each element were calibrated
using C 1s. Fig. 5(a)—(c) show the evolution of the XPS spectra as
a function of increasing Ag dopant content corresponding to the
Zn, Ag, and O elements, respectively. In Fig. 5(a), the peaks at
~1021.69 and ~1044.79 eV binding energies correspond to the
Zn 2ps,, and Zn 2p,,, States, respectively. Fig. 5(b) shows the Ag
XPS spectra and the peak positions at ~367.19, and ~373.23 eV
binding energies were attributed to the Ag 3ds, and Ag 3d;.,
states, respectively. Interestingly, we observed that the peak
positions showed a subtle shift toward a lower binding energy
as the value of the Ag dopant increased.” Fig. 5(c) shows the O
1s spectra featuring a peak at ~530.27 eV and a broad tail-like

Nanoscale Adv., 2023, 5, 805-819 | 809
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Fig. 4 FESEM with an EDX image of (a and e) pure ZnO, (b and f) 2 wt% Ag-doped ZnO NPs, (c and g) 4 wt% Ag-doped ZnO NPs, and (d and h)

6 wt% Ag-doped ZnO NPs.

feature due to oxygen defects at a higher binding energy. As
such, there was no significant change in the peak position with
an increase in Ag doping. We can state here that the Ag dopant
is appropriately integrated within the ZnO lattice, which may
cause defects and chemical shifts, which can be easily probed
via photoluminescence (PL) spectral analysis.

3.4 UV-vis spectroscopy analysis

The absorption spectra of pure and Ag-doped ZnO NPs were
obtained at room temperature using a  UV-vis

810 | Nanoscale Adv., 2023, 5, 805-819

spectrophotometer. The Tauc equation** was used to calculate
the energy band gap of pure and Ag-doped ZnO NPs.

(ahv)" = B(hv — Ey) (3)

where «, hv, Eg, and B are the absorption coefficient, photon
energy, band gap energy, and a constant, respectively. The value
of the index ‘n’ was calculated to be 2 from a Tauc plot (Fig. 6).
Band gaps of 3.20 eV, 3.18, 3.15, and 3.13 eV were determined
for pure ZnO and the 2, 4, and 6 wt% Ag-doped ZnO NPs,
respectively. It was noted that the band gap decreased with an
increase in the concentration of Ag in ZnO.* A red shift was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Zn 2p, (b) Ag 3d, and (c) O 1s XPS analysis.
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Fig. 6 Energy band gap diagram (Tauc plot) for pure and Ag-doped
ZnO NPs.

observed in the band gap upon increasing the doping concen-
tration of Ag in the Ag-doped ZnO NPs. This may be due to
intermediate levels forming between the CB and VB of the host
ZnO matrix.*® Ag atoms play an important role as an acceptor to
decrease the band gap of ZnO NPs.>?**>* Therefore, the variation
in energy band gap of Ag-doped ZnO NPs has potential appli-
cations in photocatalysis.*®

3.5 PL spectroscopy analysis

The PL spectra of pure ZnO NPs and Ag-doped ZnO NPs are
shown in Fig. 7. The ZnO NPs typically exhibit two emission
bands, ie., in the UV and visible regions. In the UV region, the
band with a peak at 360 nm is due to the near band edge (NBE)
emission owing to free exciton recombination.*” The second
emission band is in the visible region (423 nm), which can be
attributed to the recombination of an electron-hole pair. In
addition to this, intrinsic point defects formed such as zinc

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

Binding Energy (eV)

372 314 36 378 525 530 535 540
Binding Energy (eV)

interstitials, antisite oxygen, oxygen and zinc vacancies, and the
inclusion of hydroxyl groups in the crystal lattice through
a growth process.'® The peak at 423 nm in the PL spectra of the
Ag-doped ZnO NPs samples was attributed to defects in the ZnO
lattice.>® Due to these defects, there are e transitions between
the Zn vacancies and O interstitial states.”* The position of the
UV band is unchanged an increase in Ag doping, while its
intensity decreased due to the interactions between the Ag
dopant and ZnO NPs at grain boundaries.** This relationship
decreased the e™-h" recombination induced by UV light irradi-
ation and improved the photocatalytic action.* The reduction in
intensity of UV band was due to the formation of Ag atoms
(interstitial position) at the ZnO lattice by producing many
defects.” Ag”" ions can bind into the ZnO matrix in two ways:
replacing Zn”* ions by producing doubly-ionized oxygen spaces
or combining them as interstitials.”® So, the intensity of the UV-
vis band for ZnO NPs is decreased after substitution of =4 wt%
Ag atoms in Zn lattice and then donated two electrons during

; o 6 wt% Ag-doped ZnO
_é‘ < Pure ZnO
g 2wt% Ag-doped ZnO
.E 4wt% Ag-doped ZnO
L) |l ]
350 400 450 500 550

wavelength (nm)

Fig. 7 PL spectra of pure and Ag-doped ZnO NPs.
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Fig. 8 TEM and HRTEM images. (a) TEM image of the 4 wt% Ag-doped ZnO NPs, (b) SAED pattern of the 4 wt% Ag-doped ZnO NPs, (c) HRTEM
image of the 4 wt% Ag-doped ZnO NPs and (d) interplanar lattice spacing in the 4 wt% Ag-doped ZnO NPs.

band creation and shifted charge from Ag>" to the VB, resulting
in photoluminescence.”® For the =6 wt% Ag-doped ZnO, an
excess of Ag”* ions were generated interstitially, producing lattice
defects and rising peak intensity in the spectra with a further
increase in Ag doping.*> At a high percentage of Ag, its atoms
accumulate in the form of Ag,0, as observed from the XRD data.
Ag as a dopant in the ZnO lattice therefore dictates the intensity
(decrease/increase) of photoluminescence.>

3.6 Transmission electron microscopy (TEM) analysis

Fig. 8(a) shows the TEM images of 4 wt% Ag-doped ZnO NPs, in
which a uniform distribution of Ag is observed on the surface of
the ZnO lattice without any aggregations.** The selected area
electron diffraction (SAED) pattern of 4 wt% Ag-doped ZnO NPs
is shown in Fig. 8(b), which clearly shows the random scattering
of diffraction spots along with a ring pattern, indicating the
polycrystalline nature of the Ag-doped ZnO NPs. Distribution of
Ag on the ZnO lattice was confirmed from the HRTEM images
shown in Fig. 8(c) and (d). The interplanar lattice spacing (d)
values were measured as 2.5 A, 1.90 A and 2.8 A, corresponding
to the (002), (102) and (100) planes, respectively, for ZnO, while
that of 1.95 A was attributed to the (211) plane of silver. These
planes were also observed in the XRD analysis.

812 | Nanoscale Adv, 2023, 5, 805-819

3.7 Photocatalytic degradation study

3.7.1 Effect of dopant concentration. The photocatalytic
activity of pure and Ag-doped ZnO NPs was evaluated from the
degradation of MG dye. The primary reaction parameters like
dye concentration (80 mg L"), catalyst loading (5 mg/50 mL of
dye solution), and pH (neutral) were fixed for the screening of
the best catalysis of different fabricated NPs. The degradation
rate of MG dye was observed through absorbance data (OD at
617 nm) recorded from UV-vis spectroscopy.

Table 1 Degradation of MG dye using different catalysts under dark
and light conditions®

Contact time Dye degradation

Catalyst used (hours) rate (%)
— 2 5

ZnO NPs (5 mg)° 2 6

2% Ag-doped ZnO NPs® 20 50

4% Ag-doped ZnO NPs® 1.5 95

6% Ag-doped ZnO NPs® 1.5 87

4% Ag-doped ZnO NPs® 4 85

“ Catalysis was achieved at a dye concentration of 80 mg L™", catalyst
loading of 5 mg, pH = 7 under (b) visible light and (c) dark conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Time-dependent UV-vis absorption spectra of MG dye cata-
lysed by 4 wt% Ag-doped ZnO NPs.

Table 1 shows a negligible change in dye solution without
catalyst loading, while pure ZnO NPs showed only 6% of dye
degradation under visible light, which could be due to its large
band gap. About 50% dye degradation was achieved in 20 h
utilizing the 2% Ag-doped ZnO NPs as a photocatalyst. Further,
the 4 wt% Ag-doped ZnO NPs degraded up to 95% of the MG dye
solution within 1.5 h. Fig. 9 shows the time-dependent UV-vis
absorption spectra of MG dye catalysed by the 4 wt% Ag-
doped ZnO NPs. A further increase in dopant concentration
(6% Ag) resulted in ~87% dye degradation in 1.5 h. Doping of
Ag in the pure ZnO NPs increased the photocatalytic activity and
created a Fermi level, which was lower than the CB of ZnO,
decreasing the band gap of ZnO, and Ag ions substituted for
Zn*" or interstitial positions, creating more lattice defects and
resulting in Schottky barrier properties.”** Overall, maximum
dye degradation under visible light conditions was achieved
with the 4 wt% Ag-doped ZnO NPs. A comparison of the present

View Article Online
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Fig. 10 Effect of concentration the degradation of dye catalysed by
the 4 wt% Ag-doped ZnO NPs.

work with other reports based on different metal oxide catalysts
is given in Table 2.

Furthermore, remarkable results were also obtained under
dark conditions for 4 wt% Ag-doped ZnO as it degrades ~85% of
the dye solution. These results show the potential utility of the
Ag-doped ZnO NPs as a catalyst for effective dye degradation
under dark conditions. Under dark conditions, the catalytic
activity of the Ag-doped ZnO NPs may arise due to various
oxygen defects. These defects were confirmed by PL analysis.>

3.7.2 Effect of Mg dye concentration. The photocatalytic
activity of 4 wt% Ag-doped ZnO NPs at different dye concen-
trations (60 mg L™" to 140 mg L") was studied. The reaction
parameters, such as catalyst load (5 mg), pH (neutral), and
operation temperature (RT) were fixed. It was observed that the
rate of degradation decreased with an increase in dye concen-
tration (Fig. 10). This observation can be explained by two
possibilities. Firstly, an increase in the dye concentration
resulted in the absorption of the increasing number of dye
molecules on the surface of the Ag-doped ZnO NPs. Conse-
quently, a lower amount of reactive oxygen species (ROS, OH™)
and h" are available for the photocatalytic degradation of an

Table 2 Comparison between the previous and present results of catalysts under dark and light conditions

Degradation result (%)
under an irradiation source

Catalysts Dark Visible Dye Duration (min) Reference
NiO — 89 MG 120 55

Ag,0 — 94 MG 240 56

CuO — 88 MG 160 57

FeO — 88 MG 60 58
Co-doped TiO, — 82 MG 120 59
Pd/N-TiO, — 75 MG 90 60
PANI/ZnO 20 99 MG 300 61
Chitosan/TiO, — 92 MG 240 62
Graphene-CdO/SnO, — 94 MG 120 63
Ag-doped ZnO — 95 MG 90 Present work

85 — MG 240

© 2023 The Author(s). Published by the Royal Society of Chemistry
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increasing number of dye molecules. Secondly, visible light
absorbed by the dye molecule may not reach the NP matrix,
diminishing the degradation rate of highly concentrated dye
solution.**** Hence, the generation of intermediates increased,
and the number of side reactions also competed with the dye
degradation.

3.7.3 Effect of catalyst load. The amount of photocatalyst
also affects the degradation rate of the dye, as it was observed in
several experiments by varying the photocatalyst load from 1 to
5 mg (at pH = 7 and dye concentration = 80 mg L™ "). The dye
degradation is increased with an increase of catalyst (4% Ag-
doped ZnO NPs) load due to the availability of a high surface
area and large number of active sites for the photo-
degradation.®® However, an excess amount of photocatalyst
might induce high aggregation, affecting the availability of the
photocatalyst surface area and thereby decreasing the rate of
degradation.>>%%%

3.7.4 Effect of pH. The dye degradation was found to be
affected by pH in the presence of a photocatalyst.®® We observed
an increase in the dye degradation potential of the 4% Ag-doped
ZnO NPs with an increase in pH (6 to 10) while keeping the
other parameters constant (Fig. 11). The pH of the dye solution
affected the surface charge properties and size of the photo-
catalyst aggregates, as well as the availability of hydroxyl groups
to the photocatalyst.”” A good degradation rate (95%) was
observed at pH = 8 under light (~90 min) and dark conditions
(~240 min).

3.7.5 Reusability of the photocatalyst. We also investigated
the photocatalytic and catalytic potential of the synthesized NPs
(4 wt% Ag-doped ZnO NPs) in terms of their reusability in
successive treatment cycles. After every cycle, the recovered
photocatalyst and catalyst were able to degrade ~86% and 82%
of the dye under visible light and dark conditions, respectively.
However, after the 5th run, a reduction in photocatalytic and
catalytic performance was noticed in all the experimental trials
(Fig. 12).

100

so;
eo—-
40-.
o- :

Benzoquinone Tert. Butanol Ammonium Oxalate No sacvenger

Scavengers

% Degradation

Fig. 13 Role of radical scavengers in the photodegradation of MG dye.
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3.7.6 Role of ROS in the MG dye degradation. The use of
scavengers is one of the critical parameters by which to identify
the active species responsible for the photocatalytic degradation
of dye. In this experiment, different scavengers, such as tert-
butanol (TB), ammonium oxalate (AO), and benzoquinone (BQ),
were used to monitor the role of hydroxyl radicals ("OH), elec-
tron holes (h"), and superoxide radicals (0, ), respectively, on
the surface of the Ag-doped ZnO NPs. When the reaction was
carried out in the absence of scavengers, ~95% MG dye
degradation was recorded. However, photocatalysis in the
presence of BQ, TB, and AO accounted for ~41%, ~78%, and
~84% MG dye degradation, respectively (Fig. 13). These exper-
iments showed that ROS play an important role in the degra-
dation of MG dye.

4. Mechanism of Ag-doped ZnO
assisted photocatalytic degradation of
MG dye

The proposed mechanism of the photocatalytic degradation of
MG dye under visible light is presented in Fig. 14. It was
observed that the ZnO NPs have a large band gap owing to their
small size, and consequently, higher energy is required to excite
electrons from the VB to the CB.*® The photoexcitation of elec-
trons generated equivalent holes in the VB, which, together with
electrons, tended to recombine, reducing the efficiency of
photocatalytic dye degradation (PDD).*® However, the addition
of noble metals into semiconductor photocatalysts can prevent

Visible light kL
energy source

View Article Online
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such recombination events, thereby improving the overall effi-
ciency of PDD.* In one such approach, the Ag-doped ZnO NPs
facilitate effective PDD by generating ROS. The Schottky barrier
at the interface of the Ag-doped ZnO NPs, where the Fermi level
energy of Ag is lower than the CB of pure ZnO, facilitates the
transfer of electrons from ZnO to Ag.”>”* These electrons react
with absorbed O, and produce superoxide radical (O, ) anions,
and the photoexcited holes in the VB can oxidize H,O and OH
groups to produce hydroxyl radicals ("OH) that are capable of
degrading the dye molecules.

5. Antibacterial activity of pure and
Ag-doped ZnO NPs

The antibacterial activity of pure and Ag-doped ZnO NPs was
investigated against E. coli. E. coli is a Gram negative, rod-
shaped, facultative anaerobic bacterium that belongs to the
family Enterobacteriaceae.” This bacterium is methyl red posi-
tive and gives negative oxidase, citrate, and Voges-Proskauer
results.” E. coli is reported to cause various water-borne
diseases in humans,” and its presence in water indicates
fecal contamination.”™

The present study tested different doses of pure and Ag-
doped ZnO NPs against E. coli. The NPs in all the treatments
showed antibacterial activity in a dose-dependent manner.”®
The antibacterial activity of pristine ZnO NPs was lower than
that of the Ag-doped ZnO NPs (shown in Fig. 15).7778

Agt+ e,y 2> Ag

Radical targets MG molecule

<2k

= OH +MG = CO, + H,O + deg. Product
= h'y + MG 2 [MG}* = deg. Product
= O, + MG > deg. Product

Fig. 14

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

Proposed mechanism of the photocatalytic degradation of MG dye in the presence of Ag-doped ZnO NPs.
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Fig. 15 Antibacterial properties of the Ag-doped ZnO NPs against E. coli (inset: ZOls appeared after the NP treatments).

This could be due to the reduced size of the Ag-doped ZnO nanopowder, resulting in higher surface area and increased
NPs (~36-38 nm) compared to the undoped ZnO NPs (~42 nm). levels of oxidizing agents (such as H,0,).*” There was not much
These observations are in agreement with the findings of Talari  variation in the ZOI values in the case of treatment with the ZnO
et al.” It is assumed that with the reduction in the ZnO particle NPs doped with 2 to 6 wt% Ag. Overall, 1000 ppm was the most
size, the number of ZnO NPs increases per unit volume of the inhibitory dose for the growth of E. coli, where ZOI values of

00 seeeee
000 >

00 sessee , .
%0° release of cell wall disruption

Ag-ZnO NPs ions from NPs
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o)
B W00 -
Adherence 00°

to cell wall

Eltactmsv,aticE
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(such as H,0,;
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release of
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Fig. 16 Schematic of the mechanisms of antibacterial effects induced by Ag-doped ZnO NPs ((1): disassembly of ribosomes; (2): inhibition of
enzymatic activity; (3): protein denaturation; (4): genomic DNA damage and inhibition of replication; (5): inhibition of plasmid DNA replication;
(6): mitochondrial dysfunction, which inhibits respiratory enzymes and electron transport; (7): leakage in the bacterial cell membrane; (8):
alteration of permeability and disruption of the integrity of the cell membrane).
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=14 mm were recorded for the Ag-doped ZnO NPs. The ZOI
value for undoped ZnO NPs at 1000 ppm was similar to those
recorded at 500 ppm for Ag-doped ZnO NPs, and at this
concentration (500 ppm) the maximum ZOI was observed for
the 4 wt% Ag-doped ZnO NPs. The three plausible routes of ZnO
toxicity to the microbes are (i) ROS generation, (ii) the release of
Zn*>" ions in aqueous media, and (iii) electrostatic interaction
with the cell wall,** which are shown in Fig. 16. The overall
effects of these routes on a bacterial cell will be DNA and protein
disruption, membrane damage, cellular fluid leakage, and
enzyme deactivation.*

Doping of metals in ZnO nanostructures enhance the
photoexcitation efficiency, photocatalytic and antimicrobial
activities.®" In the present work, we used Ag as a dopant metal,
which, in addition to modifying the optical and catalytic prop-
erties of ZnO, exhibits intrinsic antimicrobial activity against
a diverse range of pathogenic bacteria.®* Sharma et al.*® recor-
ded similar observations, where an increase in Ag metal dopant
concentration and decrease in CS of ZnO NPs offered higher
antibacterial activity against S. aureus. Talari et al.” also cited
similar findings against E. coli.

6. Conclusion

In the current study, we fabricated ZnO NPs doped with
different concentrations of Ag, and investigated their catalytic,
photocatalytic and antimicrobial properties. The Ag-doped ZnO
NPs show higher photocatalytic activity than pure ZnO NPs in
the photodegradation of MG dye. The 4 wt% Ag-doped ZnO NPs
as a catalyst (5 mg loading) degraded ~95% MG dye (80 mg L™ *
dye) within 1.5 h at neutral pH under visible light conditions.
The results were also promising (~85% dye degradation in 4 h)
under dark conditions using the 4 wt% Ag-doped ZnO NPs
without changing the other reaction conditions. This study
provides a nanocatalyst that is capable of treating wastewater
efficiently, is re-useable for multiple treatment cycles and is able
to treat waste water under both visible light and dark condi-
tions. In the antimicrobial investigation, the nanocatalyst
provided a remarkable ZOI at a minimal concentration of 50 ug
mL~" against prominent faecal coliform in domestic waste-
water, ie., E. coli, in a dose-dependent manner. Further, this
investigation may inspire the development of more futuristic
robust platforms based on functionalized metal oxide nano-
structures for wastewater treatment.
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