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In this work, Ag@ZnO and Ag@ZnO/MgAC photocatalysts were synthesized using a simple two-step
electrochemical method by the addition of magnesium aminoclay (MgAC) as a great stabilizer and
a Lewis base, which could donate electrons for reduction of Ag* and Zn?* ions, facilitating uniform
formation as well as effective inhibition of aggregation of Ag@ZnO nanoparticles (NPs) on the MgAC
matrix. Ag@ZnO and Ag@ZnO/MgAC were investigated for photocatalytic degradation of MB and their
antibacterial efficiencies. Ag@ZnO/MgAC showed excellent photocatalytic MB degradation with
a performance of 98.56% after 80 min of visible-light irradiation and good antibacterial activity against
Salmonella (Sal) and Staphylococcus aureus (S. aureus) bacterial strains, providing promising high
application potential. Herein, different from the bare ZnO NPs, for Ag@ZnO/MgAC nanocomposites,
Ag@ZnO NPs functioned as an effective photocatalyst under visible light illumination, in which,
incorporated Ag atoms in the ZnO crystal structure caused the increase in a larger number of lattice
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matching between ZnO and Ag, the visible light absorption capacity and the separation of the
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1. Introduction

Zinc oxide (ZnO) is known as a typical semiconductor photo-
catalyst under UV light illumination with a direct bandgap (3.37
eV) in environmental pollutant treatment and a promising
candidate for antibacterial applications owing to its low cost,
abundant availability, non-toxicity, and great antimicrobial
activity."® Unfortunately, its practical applications have still
been limited because of inevitable shortcomings originating
from wide bandgap, low photocatalytic efficiency, high
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MgAC was considerably accelerated in the presence of produced radicals from visible light illumination.

photocorrosion and photodissolution, intrinsic structural
instability, poor reusability, and ease of aggregation.*® To
overcome such limitations, some efforts have been recorded in
assembling nanosized structures, enhancing the crystalline
quality via the control of morphology, size, and impurity,
modifying ZnO nanomaterials with noble metals, non-metals,
and metal oxides, even combining carbonaceous materials
and porous structural materials.>**” Among them, Ag, a noble
metal possessing many merits in strong biocidal activity, non-
cytotoxicity toward human cells, high electrical and thermal
conductivity,*® is incorporated into ZnO to narrow the bandgap
and reduce the recombination rate of the charge carriers
(photogenerated electron-hole pairs) on the bare ZnO nano-
materials, as well as create hybrid materials with stronger
antibacterial properties expanding the antibacterial activities
into a wider variety of practical applications.'** Recently, much
attention has been devoted to developing various Ag/ZnO
nanomaterials in terms of morphology,** size, component,
and structure through a series of different synthesis methods,
such as the sol-gel method," chem-hydrothermal
method,?1%17 bio-hydrothermal method,®*>*? UV-
decomposition process,"” and mechanosynthesis."® Almost all
of them display impressive enhancements in photocatalytic
performance toward toxic organic compounds and antibacterial
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activity. More interestingly, magnesium aminoclay (MgAC) has
been demonstrated as a layered synthetic structure possessing
many unique features with a large number of amine functional
groups, two-dimensional structure, large surface area, high
adsorption capacity, non-toxicity, biodegradability, and good
dispersion in water.' The utilization of MgAC as an effective
adsorbent for removing heavy metals and organic dyes as well
as a great stabilizer and remarkable surfactant to metal oxide
NPs has been investigated in some recent reports. The combi-
nation of MgAC and other nanomaterials for environmental
treatment purposes in the first step showed positive responses
in both adsorption performance, stability, and reusability.**->*
In such cases, MgAC with amine functional groups, which acted
as interaction sites with other nanomaterials, significantly
increased loading efficiency, a homogeneous dispersion, and
created many individual active sites, avoiding agglomeration,
and ensuring long-term structural stability.”***

In this work, a simple two-step electrochemical method
using MgAC as a great stabilizer and reductant is introduced for
the first time, facilitating the better uniform formation and
long-term stability of Ag@ZnO nanoparticles (NPs) on the MgAC
matrix without using any chemical additives. The influence of
the appearance of both Ag and MgAC on the photocatalytic
performance toward methylene blue (MB) degradation and
antibacterial activity via the strong interaction among ZnO and
metallic Ag for both Salmonella (Sal) and Staphylococcus aureus
(S. aureus) bacterial strains was investigated. The obtained
results showed that adding Ag and MgAC not only led to
enhanced visible light absorbability and MB degradation
performance but also exhibited great antibacterial activity. A
possible mechanism for the enhancement of degradation
performance and antibacterial activity of Ag@ZnO/MgAC
nanocomposites was proposed and discussed.

2. Materials and methods
2.1 Materials

Two pure silver bars and two zinc bars with heights of 10 and
15 cm and thicknesses of 2 and 5 mm were used as working
electrodes in the electrochemical processes, respectively. Acetic
acid (CH3COOH, 99.5%) and methylene blue (MB) were
provided from Xilong Scientific Co. Ltd. Magie chloride
(MgCl,-6H,0, 99%), APTES (3-aminopropyltriethoxysilane, H,-
N(CH,)3Si(OC,H5)3, MW = 221.37, =98%), and ethanol (EtOH)
were acquired from Shanghai Chemical Reagent. All chemicals
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used in this work were of reagent grade. In addition, the double-
distilled water used in the whole process was purified using
a Milli-Q® system (18.2 MQ cm at 25 °C).

2.2 Synthesis of Ag@ZnO/MgAC

Firstly, Mg-aminoclay (MgAC) was prepared following a proce-
dure similar to our previous reports.'»*>?* Briefly, 400 mL EtOH
solution (94%) was poured in a 500 mL glass beaker, then,
13.2 g of MgCl,-6H,0 was added and completely dissolved for
15 min under magnetic stirring. Next, 23.5 mL of APTES was
added dropwise and stirred overnight. The precipitated product
was centrifuged and dried at 60 °C for 24 hours. The final
product was powdered using a mortar and pestle and used as
the pre-precursor in the next experiments.

450 mL of a solution containing 0.5 M acid acetic was
prepared in a 500 mL glass beaker. Two bare Zn bars as the
cathode and anode were immersed in this glass beaker with
a depth of about 10 cm and spaced at 7 cm. A DC voltage source
of 20 V was applied to electrodes. The electrochemical process
was carried out for 2 hours at room temperature without using
any chemical additives. Then, the final solution was magneti-
cally stirred under ambient conditions for 30 min. Next, the
electrolysis process of bare Ag bars was also set up similarly to
the above experiment in the obtained electrolysis solution.
However, herein the supplied voltage was around 10 V for
15 min. After the electrochemical process was completed,
a determined amount of the prepared MgAC (0, 2.25, 4.5, and 9
g) was added to this electrolysis solution and stirred at various
temperatures (25 °C, 40 °C, and 70 °C) for 1 hour as described in
Table 1, respectively. During stirring, the color of the solution
gradually changed from transparent to purplish brown, sug-
gesting the formation of Ag@ZnO/MgAC nanocomposites

(Fig. 1).

2.3 Material characterization

The crystalline characterization and structural properties of
Ag@ZnO/MgAC nanocomposites were investigated and
analyzed using X-ray diffraction (XRD) with Cu Ka radiation at
40 keV and 40 mA and Raman spectroscopy (Macro Ram,
Horiba Scientific). The morphology, size, distribution, and
preferential orientation of the materials were observed using
a scanning electron microscope (SEM, HITACHI, S-4800-3000F).
Further, the elemental composition of Ag@ZnO/MgAC nano-
composites was performed using X-ray fluorescence (XRF)

Table 1 List of as-prepared samples for studying photocatalytic and antibacterial activities

Weight percent of added  Electrolysis time

Weight percent

Electrolysis time of =~ Weight percent ~ Treatment temperature

Samples  MgAC (wt%) of Zn bars (min)  of Zn (wt%) Ag bars (min) of Ag (wt%) §9)

SO 0 120 1.77 30 0.27 Room temp.
S1 10 120 1.62 30 0.29 Room temp.
S2 10 120 1.79 30 0.34 40

S3 10 120 1.51 30 0.34 70

S4 20 120 1.66 30 0.39 40

S5 5 120 1.55 30 0.38 40

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustrations for the synthesis of Ag@ZnO/MgAC nanocomposite design using the electrochemical method.

spectrophotometry (MiniPal 2, PANalytical, Netherlands). More
particularly, UV-vis spectroscopy (HITACHI U-3900) was used to
determine the bandgap as well as evaluate the photocatalytic
properties of Ag@ZnO/MgAC.

2.4 Photocatalytic test

The photocatalytic activity of the as-prepared samples was
determined by investigating the decomposition of MB as
a target pollutant under visible light irradiation. Firstly, 5 mL of
the catalyst solution was added to 50 mL of MB aqueous solu-
tion (150 ppm); this suspension was continuously stirred under
a magnetic stirrer in the dark to reach equilibrium adsorption
between the photocatalyst surface and MB molecule. Next,
a 50 W incandescent lamp with the main wavelength in the
range from 400 to 720 nm was used as the visible light source
for the photocatalysis process. After a given irradiation time,
about 4 mL of the mixed solution was withdrawn and centri-
fuged to separate the catalysts from the mixed solution. The
photodegradation of MB solution was monitored by measuring
the intensity of the absorption peak at 665 nm using UV-vis
spectroscopy. Comparative experiments of MB degradation
using a control sample (0.5 M acid acetic), Ag@ZnO sample, and
Ag@ZnO/MgAC samples with various MgAC amounts and
treated temperatures were also performed. The degradation
efficiency of MB was calculated according to the following
formula: degradation (%) = (Abs,/Abs,) x 100; where Abs, is the
initial absorbance and Abs, is the absorbance at “¢” time.

2.5 Photoelectrochemical test

To evaluate the photoelectrochemical behavior of Ag@ZnO/
MgAC, electrochemical impedance spectroscopy (EIS) and
linear sweep voltammetry (LSV) measurements were carried out

38580 | RSC Adv, 2021, 11, 38578-38588

on the Palmsens 4 electrochemical workstation at ambient
atmosphere with and without visible light irradiation in 0.1 M
KCI solution. Firstly, the commercial carbon screen-printed
electrodes (SPEs-DS110) were modified by Ag@ZnO/MgAC,
acted as a working electrode during testing. For EIS measure-
ment, the frequency range was 100 kHz to 50 mHz with an
applied ac potential of —0.2 V. Besides, LSV measurement was
performed at a scan rate of 50 mV s~ with the potential range
from —1Vto —0.2 V.

2.6 Antibacterial test

Antibacterial activity of the as-synthesized samples with
different concentrations was analyzed against selected Gram-
negative E. Salmonella enteritidis WHO 2013 S13.3 (Sal) and
Gram-positive Staphylococcus aureus ATCC 25923 (S. aureus)
using the agar well diffusion method. The antimicrobial activity
was performed by spreading about 100 uL (1-2 x 10® CFU
mL ") of each bacterial culture over the entire agar plate surface
by a sterile glass spreader. Then, the holes with 8 mm diameter
were created in the agar discs with a sterile cork borer. 50 pL of
the suspension of the as-synthesized samples with desired
concentrations was introduced into the well. Moreover, 0.5 M
acid acetic was used as a control sample. Then, these plates
were cultured in a 37 °C incubator for 24 hours. The antibac-
terial properties of the synthesized samples were assessed by
observing and measuring the diameter of the inhibition zone
against the bacteria.

3. Results and discussion
3.1 Characterization of Ag@ZnO/MgAC

As observed in XRD patterns of ZnO/MgAC and Ag@ZnO/MgAC
samples (Fig. 2c), the appearance of characteristic peaks at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (aand b) Raman spectra of ZnO/MgAC (a’), Ag@ZnO (b’), and the different Ag@ZnO/MgAC (c’) samples synthesized at various conditions;

(c) XRD results of ZnO/MgAC and Ag@ZnO/MgAC samples.

31.7°, 34.4°, 36.2°, 47.5°, and 56.6° in both samples was well
indexed to (100), (002), (101), (102), and (110) planes, respec-
tively, of hexagonal wurtzite structure of ZnO (JCPDS standard
card no. 36-1451). Besides, the other diffraction peaks were also
found at around 37.2°, 40.5°, 54.8°, and 76.1°, suggesting the
formation of Ag according to JCPDS (87-0598) within the
Ag@ZnO/MgAC crystalline lattice structure. More particularly,
there were remarkable changes recorded either in the diffrac-
tion intensity and position of ZnO lattice in the presence of Ag.
Namely, the diffraction intensity of characteristic (100) and
(102) planes in the ZnO lattice remarkably increased, mean-
while, other characteristic peaks seem to decrease. Further-
more, these main diffraction peaks tended to shift toward the
higher angle upon Ag incorporation, revealing a decrease of
crystallinity of ZnO lattice as well as the incorporation of Ag"
ions into the ZnO structure, in agreement with previous reports
in the literature.>'**%* It is worth mentioning that the diffusion
of Ag" ions into the ZnO lattice has been demonstrated to be
preferred to substitute Zn** ions on the surface of the ZnO
phase more than into O sites because the surface defects not
only can act as dangling bonds but also possess a proper energy
level to trap the ionic doping.'* Furthermore, the diffusion of

© 2021 The Author(s). Published by the Royal Society of Chemistry

Ag" ions could be difficult to lead to interstitial sites of Zn>"
ions. Unfortunately, the incorporeality of Ag" ions in the ZnO
structure still achieved a low efficiency, explained via the
appearance of small and weak diffraction peaks in Ag@ZnO/
MgAC nanocomposites. The reason for this limitation was
explained in that the reaction solution just contained a small
weight percentage of Zn and Ag (approximately 1.65% and
0.34%), corresponding to a low proportion of approximately 0.2
between Ag and Zn within the Ag@ZnO/MgAC nanocomposites,
which was determined from XRF results (Table 1 and Fig. S11).
More importantly, the large difference in ionic radii of Ag" (1.26
A)and Zn** (0.74 A) inhibited the incorporeality efficiency of Ag*
ions in the ZnO structure.""*® Herein, the formation process of
Ag@ZnO/MgAC nanocomposites could be described as follows:

After the electrochemical process of two pure Zn bars was
completed, the obtained electrolysis solution contained ZnO
NPs arising from the self-reduction process at the cathode
surface and a large number of residual Zn>" ions under ambient
conditions. During the next electrochemical process involving
two Ag bars, a part of the residual Zn*>* ions was attracted to the
cathode surface along with the created Ag" ions. Besides, the
formation of Ag nanoclusters on the ZnO surface

RSC Adv, 2021, 11, 38578-38588 | 38581
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contemporaneously started. A final electrolysis solution
included residual Zn>*, Ag* ions, and Ag@ZnO nanoparticles.
The formation of Ag@ZnO NPs actually became stronger and
more homogenous after adding layered MgAC, a Lewis base
with amine functional groups. Namely, MgAC could donate free
electrons to the reduction process of both Ag* and Zn** ions in
the electrolysis solution. The simultaneous growth of crystalline
phases of ZnO and Ag on the MgAC matrix led to the diffusion of
foreign ions into their lattice that is inevitable. This formation
mechanism further confirmed the incorporation of Ag" ions in
the ZnO structure. These results demonstrated a clear and
distinct formation of Ag@ZnO NPs in the MgAC matrix, indi-
cating good synthesis of nanocomposites.

To further evaluate the crystalline quality and formation of
Ag@ZnO/MgAC nanocomposites, the Raman analysis of ZnO/
MgAC, ZnO@Ag, and Ag@ZnO/MgAC samples at different
experimental conditions as described in Table 1 was performed
(Fig. 2a and b). Firstly, for the ZnO/MgAC sample, the Raman
spectrum showed three peaks centered at 380, 437, and
508 cm ', which were considered to be the vibration modes A,
transversal optical (A4(TO)), E, high (E»u), and E4(TO) + Ey,
respectively.>>*® The clear observation of these peaks correlated
with the vibration of Zn atoms in the ZnO wurtzite lattice
structure, suggesting the high crystallization of the ZnO.
Besides, the appearance of the peaks located at about 620 and
893 cm ™' was detected in all three samples ZnO/MgAC,
Ag@ZnO, and Ag@ZnO/MgAC, revealing the existence of ace-
tic acid molecules in the sample solution. After the addition
with low content of Ag, detectable changes in the intensity and
location of A;(TO) and E,y modes of hexagonal ZnO in both
Ag@ZnO and Ag@ZnO/MgAC samples were observed. Namely,
A4(TO) and E,y; peaks were drastically decreased in intensity
along with shifting towards lower energy due to Zn-Ag bonds,
low crystallinity, and the breakdown of translational crystal
symmetry by the incorporated defects and impurity in the ZnO
lattice after Ag incorporation.’®” More interestingly, Raman
spectra of Ag@ZnO and Ag@ZnO/MgAC samples showed some
new peaks centered at around 240, 486, and 570 cm ™ *. In which,
the peak centered at 570 cm ' could be assigned to the

3.0
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Fig. 3
the results of the Tauc plot of Ag@ZnO/MgAC.
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broadened A;(LO) phonon mode, assigned to the oxygen
vacancies, zinc interstitials, and/or defect complexes in the ZnO
crystal,** while, the peak at about 486 cm ™' was assigned as the
interfacial surface phonon mode as mentioned in the literature
related to doping of other metals (Mn, Co) in the ZnO lattice.>***
Another anomalous vibrational mode appeared at about
240 cm !, which has also been reported for ZnO doped with
some other elements and could be associated with the lattice-
host intrinsic defects created by the doping or the local vibra-
tions of Ag atoms in the ZnO lattice.>*?**® Particularly, the
appearance of these new peaks was more easily observed in the
Ag@ZnO-MgAC sample, revealing the effective support of the
MgAC matrix in enhancing the formation of Ag@ZnO NPs.
Clearly, these obtained results are in agreement with the above
XRD analysis. In a comparison among Ag@ZnO/MgAC samples
prepared at different experimental conditions (treatment
temperature and MgAC content), Raman spectra of all samples
still exhibited characteristic phonon modes of hexagonal ZnO
lattice and Ag atoms, however, the diffraction intensity and
width of these Raman peaks had significant differences. Among
them, the Ag@ZnO/MgAC sample prepared at 40 °C and that
containing 10% MgAC (wt%) (sample S2) displayed a high peak
intensity, along with the strongest and sharpest Raman peaks,
suggesting highly crystalline nature, structural stability, as well
as proper proportion among components within Ag@ZnO/
MgAC nanocomposites. Hence, sample S2 was chosen as an
optimal sample for the next experiments.

The formation of Ag@ZnO NPs on the MgAC matrix also
considerably affected the optical properties of nanocomposites,
which were evaluated via UV-vis diffuse absorption spectra of
ZnO/MgAC, Ag@ZnO, and Ag@ZnO/MgAC samples in the 200-
700 nm wavelength range as shown in Fig. 3. As can be seen,
both ZnO/MgAC, Ag@ZnO, and Ag@ZnO/MgAC exhibited
strong absorption in the UV light range. Namely, ZnO/MgAC
possessed a maximum absorption peak at around 350 nm,
corresponding to a bandgap value of 3.23 V. However, by adding
Ag, the light absorption of Ag@ZnO and Ag@ZnO/MgAC
samples within the visible region was significantly improved
as described by the shift towards longer wavelength and

(b) Tauc plot of Ag@ZnO/MgAC
NA
>
<
3
/ Eg=274¢eV
1 2 3 4 5 6 7
Energy (eV)

(a) UV-Vis absorption spectrum of ZnO/MgAC, Ag@ZnO, and Ag@ZnO/MgAC nanocomposites; (b) energy band gap estimation through

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of the synthesized Ag@ZnO samples (a and b); and Ag@ZnO/MgAC sample (c and d). The inset of (d) shows Ag@ZnO/MgAC

sample image after storing for 3 days.

stronger absorption intensity over the range from 400 to
700 nm, corresponding to a lower bandgap value of 2.74 V for
the Ag@ZnO/MgAC sample. More interestingly, it seems that
a positive shift of the wavelength and the increase in the
absorption intensity of the visible light region occurred more
strongly in the Ag@ZnO/MgAC sample. This further demon-
strated the important role of MgAC and Ag in enhancing the
formation as well as the optical properties of nanocomposites.
To explain the broadened absorption in the visible region, some
possible reasons are proposed. As described above, the incor-
poration of Ag" ions in the ZnO structure on the MgAC matrix
surface can cause an increase in a large number of lattice defect
sites. Such defect sites act as trapping sites for the electrons in
the crystalline structure, inhibiting the unwanted recombina-
tion rate of the photogenerated charge carriers and promoting
more efficient separation of electron-hole pairs, leading to
prolonging their lifetime.>** Besides, benefiting from the
surface plasmon resonance (SPR) effect, Ag can considerably
enhance the absorption performance of visible light,>** result-
ing in the visible light effective absorption capacity of Ag@ZnO/
MgAC nanocomposites. Furthermore, the energy band match-
ing of ZnO and Ag function ranges also accelerates the light
absorption capacity.

To further investigate the formation and surface morphology
of Ag@ZnO NPs in the prepared samples, SEM images were
recorded and are shown in Fig. 4. The particle size of the formed
spherical Ag@ZnO NPs in both samples was about 50-100 nm. It

© 2021 The Author(s). Published by the Royal Society of Chemistry

is interesting to note that most of the Ag@ZnO NPs tended to be
aggregated with each other in the absence of the MgAC matrix. By
adding MgAC, Ag@ZnO NPs still maintained their morphology,
however, the dispersion of Ag@ZnO NPs in MgAC seemed to be
more homogeneous. The effective distribution of Ag@ZnO/MgAC
also was investigated in the solution. By storing the Ag@ZnO/
MgAC solution samples for 3 days, no aggregation phenom-
enon of Ag@ZnO NPs was observed in this case. In some of our
previous reports, it was demonstrated that MgAC nanomaterials
could enhance the great water dispersibility of metal and metal
oxide NPs owing to their amine functional groups. Furthermore,
the connection between the nanoparticles and MgAC is strong
because nanoparticles cannot be separated from the aminoclay
matrix.”**** This measurement further confirms the uniform
formation of Ag@ZnO NPs on the surface of the MgAC matrix.

3.2 Photocatalytic activity of Ag@ZnO/MgAC
nanocomposites

The photodegradation performance of Ag@ZnO/MgAC samples
prepared under various conditions (treatment temperature and
MgAC content), ZnO/MgAC, Ag@ZnO, and control sample (acid
acetic) for MB under visible light irradiation as the model
reaction was measured (Fig. 5) using UV-vis measurements. As
illustrated in Fig. 5a, the absorption peak at 665 nm ascribed to
MB was rapidly reduced with the increase of irradiation time.
The photodegradation efficiency showed that compared to the
control  sample, Ag@ZnO/MgAC  possessed  higher

RSC Adv, 2021, 11, 38578-38588 | 38583
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photocatalytic activity for MB degradation under visible light
irradiation due to the charge separation and visible light-
harvesting properties of Ag@ZnO NPs. Indeed, almost all MB
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the same condition was just less than 25%. More interestingly,
in another comparison among Ag@ZnO/MgAC samples and
ZnO/MgAC, even the Ag@ZnO sample (without MgAC in the
synthetic process), the highest observed photocatalytic activity
of Ag@ZnO/MgAC treated at 40 °C (sample S2) demonstrated
that adding a suitable content of MgAC and Ag within nano-
composites was critically important because it significantly
impacted the photocatalytic activity (Fig. S21).

In this case, MgAC not only played the role of the Lewis base,
which could donate a pair of electrons to Ag" and Zn>" ions on
its surface to promote the reduction of these ions and then form
Ag@ZnO NPs, but also as a great stabilizer in the matrix with
a large number of active amino functional groups, facilitating
the uniform distribution and preventing self-aggregation of
Ag@ZnO NPs. Furthermore, this result indicated that the
formation of Ag@ZnO/MgAC nanocomposites occured better at
40 °C because the increase in temperature can result in an
increase in size and cause crystal growth, which causes

Samples

Control Sample

Ag@ZnO (C, M)

Ag@ZnO (C,, M)

Ag@ZnO/MgAC (C, M)

Ag@Zn/MgAC (C,n M)

Fig. 7
enteritidis (Sal) and Staphylococcus aureus (S.A.) bacteria.
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aggregation and low degradation performance towards MB.
Besides, the excessive addition of MgAC brings down photo-
catalytic performance due to the large wrapping surface and the
too thick coating of MgAC on the Ag@ZnO active material,
leading to the reduced exposure area and absorption surface, as
well as the interaction ability between MB and active material.
This result was also consistent with the obtained Raman spec-
trum of Ag@ZnO/MgAC at 40 °C with the high crystalline quality
seen from clearer and stronger peaks.

With the presence of Ag within the ZnO/MgAC sample, the
mechanism for MB degradation could be proposed based on
the basis of photoexcitation of Ag@ZnO/MgAC nano-
composites. When the incident visible light excites the carriers
in Ag@ZnO nanostructures, owing to strong surface plasmon
resonance (SPR) and energy band matching of Ag with ZnO,
electron-hole pairs are created in Ag atom sites. These photo-
excited electrons can escape more easily from Ag ions than from
the Zn ions and then transfer to the conduction band (CB) of

14

13

15. 17

Inhibition zone of Ag@ZnO/MgAC, Ag@ZnO at various concentrations (Co, Co/2), and the control sample (acid acetic) on Salmonella
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ZnO because the work function of Ag is lower 4.26 eV than that
of ZnO (5.2 eV) until the two levels reach equilibrium and form
a new Fermi energy level, that is more positive than the
conduction band of bare ZnO.'**'”*® On the one hand, herein,
the CB of ZnO acts as an electron well to collect and gather the
photoexcited electrons from Ag atoms sites by the electron sink
effect. The various reactive oxygen species and hydroxyl radicals
such as ‘0°7, "OH, and/or "OOH are created by the interaction
between the transferred electrons and dissolved oxygen mole-
cules in water, then they directly degraded MB molecules.*** In
addition, the photoexcited holes in Ag atom sites directly
oxidize MB molecules, leading to increased photocatalytic
performance. On the other hand, the next effective charge
separation and transfer of the photoexcited electrons can
transfer from the conduction band of the Ag@ZnO to the Femi
level of bare ZnO NPs, which is attributed to remarkably refrain
the recombination and lengthen the lifetime of the photo-
generated electron-hole pairs, improving the photocatalytic
activity of Ag@ZnO/MgAC nanocomposites.>'*

To obtain further insight into the interface charge separation
efficiency of the photogenerated electrons and holes in
promoting the photocatalytic activity of Ag@ZnO/MgAC nano-
composites, EIS measurements were performed in 0.1 M KCl
electrolyte solution. As we know, based on EIS Nyquist plots, the
arc radius is a crucial value that presents the interface layer
resistance (R.) occurring at the electrode surface, according to
that, a smaller arc radius implies a higher transferability and
better separability of photogenerated electron-hole pairs from
the electrode material.»**** Fig. 6a shows EIS Nyquist plots of
electrodes modified with Ag@ZnO/MgAC under dark and
visible light irradiation. Clearly, the modification with
Ag@ZnO/MgAC resulted in a higher separation and transport
efficiency reflected by a decrease in the plot radius than that of
the pure SPE, both with and without light irradiation. Further-
more, the visible light response of Ag@ZnO/MgAC nano-
composites via LSV measurements in dark and under visible
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09 890 ¢goo
QS 009¢ ego
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light irradiation was investigated as shown in Fig. 6b. Herein,
the obtained photocurrent of the Ag@ZnO/MgAC-based elec-
trode was enhanced under visible light irradiation, demon-
strating effective improvement in its photoconversion
efficiency.?” It was also an ideal proof showing the enhancement
of charge transport rate and the effective separation of electron-
hole pairs within Ag@ZnO/MgAC nanocomposites.

3.3 Antibacterial activity of Ag@ZnO/MgAC nanocomposites

As demonstrated in some previous reports, ZnO NPs showed an
effective antibacterial activity via the formation of reactive
oxygen species (ROS) and the release of Zn>'. Therefore, the
antibacterial activity of Ag@ZnO and Ag@ZnO/MgAC was
studied via the evaluation of the inhibition zone against two
experimental bacterial strains (Sal bacteria and S. aureus
bacteria) using the agar well diffusion test as shown in Fig. 7. As
expected, the control sample (acid acetic) did not show any
antimicrobial effect. More interestingly, the antibacterial effi-
cacy shows a marked dependence on the concentration and
component of introduced material into each agar disc. Overall,
Ag@ZnO and Ag@ZnO/MgAC samples had a clear inhibition
zone, however, the size of the inhibition zone of Ag@ZnO in
both bacterial strains was significantly larger than that of
Ag@ZnO/MgAC, suggesting better antimicrobial activity of
Ag@7ZnO NPs. A similar trend was observed when the concen-
tration of the introduced materials was reduced in half part.
This is possibly explained as suitable because the MgAC matrix
played a role as a great stabilizer to hindering exposure of
Ag@ZnO NPs to the microbial cell membrane as well as the
liberation of Ag* and Zn>' ions from the nanocomposite
surface. However, the antibacterial properties of Ag@ZnO/
MgAC were still impressive against the two bacterial strains
that were studied, providing further evidence for the effective
incorporation of Ag@ZnO as well as the synergistic effect
among the Ag@ZnO NPs and MgAC.

Ag@ZnO/MgAC

e
-
2

e®®

Ag@Zn0O/MgAC

Fig. 8 Antimicrobial activity of Ag@ZnO/MgAC and control samples on real samples (grape and tomato) after 7 days.
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In another experiment, the antimicrobial activities of
Ag@ZnO/MgAC and control samples were tested on various real
samples using grapes and tomatoes and then were observed
during the seven days of storage. As can be seen in Fig. 8, grape
and tomato samples were immersed in the Ag@ZnO/MgAC
solution for 10 min and stored at room temperature for seven
days, with no spoilage or microorganism invasions such as
fungi and bacteria were observed. Differing from this
phenomenon, for the control sample, the grape sample was
rapidly decayed and spoiled when not refrigerated, revealing the
promising practical application potential of Ag@ZnO/MgAC in
food storage fields.

4. Conclusions

Ag@ZnO/MgAC photocatalysts were synthesized by a simple
two-step electrochemical method with the addition of MgAC.
It was found that the diffusion of Ag atoms into the ZnO
crystal structure promoted the absorption capacity of the
visible-light region and inhibited unwanted electron-hole
recombination owing to the strong SPR effect of Ag and
energy band matching between ZnO and Ag. The formation of
Ag@ZnO/MgAC nanocomposites was attributed to being
beneficial to the enhancement of the degradation efficiency
of MB under visible light irradiation as well as antibacterial
activity against both two Gram-negative Sal and Gram-
positive S. aureus bacterial strains. As a result, the photo-
degradation efficiency of MB of the Ag@ZnO/MgAC photo-
catalyst under visible light irradiation was rather high,
approximately 98.56% for 80 min. Furthermore, the anti-
bacterial properties of Ag@ZnO/MgAC nanocomposites were
very impressive, exhibiting a large size of the inhibition zone
in the agar well diffusion test owing to the synergistic effect
among Ag@ZnO NPs and MgAC.
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