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Enhanced visible light-mediated photocatalysis,
antibacterial functions and fabrication of a 3-
chlorophenol sensor based on ternary
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A novel multi-metal oxide nanocomposite, Ag,O-SrO-CaO, was synthesized by a facile co-precipitation
method followed by calcinations. The synthesized nanocomposite was characterized by XRD, FESEM,
EDS, TEM, FTIR spectroscopy and photoluminescence (PL) spectroscopy. The composite showed
enhanced photocatalytic activity under visible light irradiation and excellent anti-bacterial performance
Here, the synthesized Ag,O-SrO-CaO
nanomaterials were deposited on a glassy carbon electrode (GCE) in the form of a thin film to fabricate

against both Gram-positive and Gram-negative bacteria.

the desired electrochemical sensor and subjected to /-V analysis of 3-chlorophenol (3-CP) in
a phosphate buffer solution (PBS). A calibration curve was plotted from the linear relation of current
versus concentration and used to calculate the sensitivity (8.9684 pA uM~t cm™), linear dynamic range
(LDR, 0.1 nM to 0.01 mM) and lower limit of detection (DL, 97.12 + 4.86 pM). The analytical parameters
of the sensor such as response time, reproducibility and long-term stability in the detection of 3-CP

Received 7th February 2020
Accepted 3rd March 2020

DOI: 10.1039/d0ra01205j were reliable. Finally, it was used to analyze real samples collected from various environmental sources

Open Access Article. Published on 19 March 2020. Downloaded on 10/23/2025 12:40:27 AM.

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

(cc)

rsc.li/rsc-advances and found to be acceptable.

1. Introduction

Mixed metal oxide nanoparticles are acquired by the combina-
tion of two or more metal oxides to give products with enhanced
properties. Different metals having different oxidation states
and electronic properties can combine in different proportions
to give mixed metal oxide nanoparticles. The synthesized mixed
metal oxide nanoparticles with modified physical, chemical,
biological and morphological properties can have diverse
applications." Numerous synthetic processes have been devel-
oped for the synthesis of nano-metal oxides. The combination
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of two or more metals in a common metal oxide matrix can
generate materials with novel structural and electronic prop-
erties.” SrO is an important wide band gap metal oxide semi-
conductor.”? SrO is also used in the production of glass for color
television tubes, ferrite magnets, small DC motors, pigments,
dryers and paints.* Many methods such as chemical precipita-
tion, hydrothermal and sol-gel approaches have been used for
the synthesis of SrO.> Silver is a noble metal and due to its
unique properties, it has a noticeable presence in the area of
nanomaterial research.® It is well-known that silver ions and
silver-based compounds have strong biocidal effects on many
species of bacteria including E. coli’” because they are highly
toxic to microorganisms.® Ag,0 nanoparticles have been widely
used in the field of oxidation catalysis,**® fuel cells,"* sensors,"
photovoltaic cells,” all-optical switching devices, and optical
data storage systems' and as diagnostic biological probes.™
CaO is an alkaline earth metal oxide and has many applications
as a catalyst,'® toxic-waste remediation agent, doped material to
modify electrical and optical properties,” refractory addi-
tive,"**? and crucial component in CO, capture**>* as well as in
flue gas desulfurization and pollutant emission control.*® The
purification of hot gases is possible by alkaline-earth oxides,
mostly calcium and barium-based oxides.>* CaO nanoparticles
are very applicable in industrial processes as a dehydrating

This journal is © The Royal Society of Chemistry 2020
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agent in the creation of steel and in the biomedical field as
a drug delivery system.”® A recent study reported that a CaO-Ag-
NPs@CaCO; nanocomposite showed strong antimicrobial
activity against Escherichia coli and Staphylococcus aureus.” It is
also used as an absorbent, water softener, and potential
hydrogen regulator for wastewater and in fertilizers.”” The
properties of multi-metal composite oxides fabricated from the
assembly of individual oxides make the materials potentially
significant in the fields of electronic devices, catalysis, photo-
catalysis and nonlinear optical and semiconductor devices.**
This paper describes the ternary metal oxide Ag,0-SrO-CaO,
which has enhanced photocatalytic as well as anti-bacterial
activity compared to that of the three single oxides Ag,0O, SrO
and CaO.

The tenacious contamination of surface water due to the
growth of industrial activities at a high rate is a serious risk to
the environmental ecological system. In this century, organic
chlorinated compounds such as CPs are the most extensively
used chemicals and they exhibit significant toxicity and carci-
nogenicity to humans as well as aquatic living organisms due to
their non-degradation behavior.**** For decades, 3-CP is an
essential raw material for the formulation of pesticides, fungi-
cides, herbicides, antiseptics and wood preservatives.***’
Therefore, the environment is continuously polluted by CPs
from industrial waste effluents and agricultural activities.
Subsequently, aquatic animals are affected by the toxicity of
CPs, which eventually reaches humans through the food chain.
Researchers have detected CPs in soil, water and human fluids
recently.®®* As a result, CPs are listed as a priority toxic
substance by the U.S. Environmental Protection Agency
(EPA).***> Methods with good reliability are necessary to detect
CPs in the environment as well as in humans. Analytical
methods that include the enzyme linked immunosorbent assay
(ELISA),** gas chromatography/mass spectrometry,** high
performance liquid chromatography,*® spectrophotometry,*®
electrochemistry*~* and fluorescence spectroscopy®® have been
applied to detect such toxic environmental chemicals.

An electrochemical sensor in the I-V approach was fabri-
cated by depositing the synthesized Ag,0-SrO-CaO nano-
materials on GCE with a binder, Nafion, and used for the
detection of 3-CP in PBS. The calibration curve from the linear
relation of the current versus concentration of 3-CP was estab-
lished and the sensitivity of the sensor, LDR and DL were
calculated. Moreover, 3-CP was applied successfully to identify
the reproducibility, response time and long-term stability of the
sensor. Finally, the sensor validation was performed by the
analysis of real environmental samples. To the best of our
knowledge, the synthesized Ag,0-SrO-CaO nanomaterials on
GCE is the first material that has detected 3-CP in PBS. This
paper illustrated the synthesis, characterization, photocatalytic
activities, antibacterial activities and PL properties of a
Ag,0-SrO-CaO nanocomposite.

2. Materials and equipment

Silver nitrate (Sigma Aldrich, Germany), strontium chloride
(Fluka, Germany), calcium chloride (Sigma Aldrich, Germany),
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sodium carbonate (AR, BDH), and methyl violet 6B were
purchased and used without any further purification. The
analytical grade chemicals such as diethylmalonate (DEM), 3-
methoxyaniline (3-MA), 3-methoxyphenol (3-MP), 2,4-dia-
minophenyl dihydrochloride (2,4-DAPDHCI), 3-methox-
yphenylhydrazine hydrochloride (3-MPHydHCl), benzaldehyde,
m-tolylhydrazine hydrochloride (m-THydHCI), 3-chlorophenol,
4-methoxyphenol (4-MP) and cinnamaldehyde were received
from Sigma-Aldrich Company (USA). The mono- & disodium
phosphate and 5% Nafion suspension in ethanol were also
acquired from Sigma-Aldrich to complete this study. The spec-
troscopic measurements were carried out using a double beam
UV-visible spectrophotometer (UV-1800 series, Shimadzu
Corporation, Kyoto, Japan). A spectrofluorometer (Shimadzu
Corporation, Kyoto, Japan) was used for the PL study of the
nanocomposite. The pH of the experimental solution was
measured by a pH meter (model pH's-25, Shanghai Rex
Instrument Factory, China). The calcination of the metal oxide
composite was performed with an electric muffle furnace. FTIR
analysis was carried out using a spectrophotometer (Shimadzu,
IRPrestige-21). The field emission scanning electron micros-
copy (FESEM) was obtained with a JSM-7100FT, which was
equipped with a JED-2300 energy dispersive microanalysis
system (EDS) for elemental analysis. Transmission electron
microscopy (TEM) images was recorded with a JEOL JEM-1400
series at 120 kV. The electrochemical measurements were per-
formed with a Keithley electrometer (6517A, USA).

3. Experimental

3.1. Synthesis of Ag,0-SrO-CaO nanocomposite

The Ag,0-SrO-CaO nanocomposite metal oxide was prepared by
the standard co-precipitation of the corresponding carbonates
from the aqueous solution of the metal salts. Initially, 0.25 M,
30 mL solution of each of AgNO; (1.274 g), SrCl,-6H,O (1.999 g),
CaCl, (0.832 g), and a solution (1.00 M, 50 mL) of Na,CO; (5.299
g) were prepared with distilled water. Then, AgNO;, SrCl,-6H,0,
and CaCl, solutions were mixed in a beakerina1 : 1 : 1 ratio and
the mixture was stirred vigorously at room temperature for five
minutes. In the next part, the solution of 1.00 M Na,CO; was
added slowly to the above mixture with agitation until the
precipitation of the carbonates of the metal salts was complete.
The final mixture was stirred for 4 hours at 55-60 °C with
constant stirring. Then, the white metal carbonate precipitate
was filtered and washed several times with distilled water. After
the filtration, the precipitate was dried at 220 °C for one hour in
an oven. To obtain a multi-metal oxide nanocomposite, the ob-
tained dried precipitate was calcined in a muffle furnace at
600 °C for five hours. As a result of the calcination, a metal oxide
nanocomposite was formed from the carbonates.

3.2. Fabrication of GCE with Ag,0-SrO-CaO nanomaterials

A slurry of synthesized Ag,0-SrO-CaO nanomaterials in ethanol
was deposited on a GCE as a thin film layer and allowed to
remain under ambient conditions for drying. The binding
strength of the Ag,0-SrO-CaO nanomaterial thin film was
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enhanced by the addition of a drop of 5% Nafion suspension
and then placed inside an oven for an hour at 35 °C. Within this
period, the modified GCE was dried entirely. For assembling the
sensor probe, the modified GCE and a simple Pt-wire were
connected with the Keithley electrometer in the series manner,
where the Ag,0-SrO-CaO nanomaterials/GCE and Pt-wire per-
formed as the working and counter electrode, respectively. The
electrochemical sensor based on this method consists of two
electrodes only. The stock solution of 3-CP was diluted in
deionized water to form a series of solutions with concentra-
tions ranging from 0.1 mM to 0.1 nM. After that, the assembled
sensor was applied to analyze the 3-CP in detail. A calibration
curve was plotted as the current versus the concentration of 3-CP
and using the slope of the calibration curve, the sensor sensi-
tivity was measured. By the identification of the most linear
segment on the calibration plot, the LDR was defined. The DL
was calculated using a signal-to-noise ratio of 3. The Keithley
electrometer was set at 1.0 second as the holding period and
10.0 mL of the buffer solution prepared from the equimolar
concentration of mono- and di-sodium phosphate was kept
constant in the /-V analyzing beaker through the experiments.

4. Results and discussion

4.1. Structural analysis of Ag,0-SrO-CaO nanocomposite

As illustrate in Fig. 1, the 26 peaks observed at 25.67°, 27.705°,
33.246°, 36.55°, 41.8°, 42°, 45°, 51.849°, 54.724°, 57.8°, 62° and
76.5°are due to the presence of the monoclinic (P2,/c) Ag,O
phase in this nanocomposite (PDF file number 77-1829).>
Similarly, the presence of a SrO phase is observed by the 26
peaks at 32°, 35.8°, 37.5°, 38.2°, 48°, 54.5°, 57.9°and 62°. The
cubic (Fm3m) crystalline nature and phase purity of SrO nano-
particles was determined by the presence of strong and sharp
diffraction peaks that match well with the database (JCPDS file
#6-520).% The presence of cubic (Fm3m) CaO was also confirmed
by 26 peaks at 32.5°, 36.6°, 38.2°, 44.5°, 45.4°, 64.2°, 67.8°, 77.4°
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and 81.8° (JCPDS card no. 00-004-0777).°® The obtained results
revealed the phase purity and presence of Ag,0O, SrO, and CaO
phases in the Ag,0-SrO-CaO nanoparticles. The particle size
was found to be 89.5 nm using Scherrer's formula,
T = KM/(B cos 6), where 7 is the mean size, K is a dimensionless
shape factor with a value of 0.94, 1 is the X-ray wavelength
(0.1506 nm), § is the line broadening at half the maximum
intensity (FWHM) and 6 is the Bragg angle.”*

4.2. Surface and morphology study of Ag,O-SrO-CaO

FESEM and EDS. FESEM images were collected at different
magnifications to confirm both the morphology and distribu-
tion of Ag,0-SrO-CaO particles (Fig. 2a and b). Irregular
morphologies and rough surfaces with a porous structure were
observed, which may impart enhanced catalytic and anti-
bacterial properties to the Ag,O-SrO-CaO heterostructure. As
shown in Fig. 2b, the stabilizing components of the composite,
SrO and CaO, are present on the surface of the Ag,O sample.
Further, the EDS data was obtained to examine the elemental
composition in the composite. The atomic percentage of Ag, Sr,
Ca and O in Ag,0-SrO-CaO was found to be 0.53, 8.16, 11.41
and 79.90, respectively, as shown in Fig. 2¢ (Table S17).

TEM image of Ag,0-SrO-CaO. Fig. 3 shows the TEM images of
Ag,0-SrO-CaO heterostructure nanoparticles. The nanoparticles
were observed by TEM while they are in an aggregated form. The
average particle size of Ag,0-SrO-CaO is 6 nm. Because of the
significant aggregation of SrO and CaO on Ag,0O, individual
particles cannot be easily distinguished by TEM measurements.

4.3. FTIR study

The FTIR spectrum of the Ag,0O-SrO-CaO nanocomposite is
shown in Fig. S1.F The bands of the vibration modes of M-O
and O-M-O (M = Ag, Sr, Ca) appeared in the lower energy
region of 400-1000 cm . The strong broad absorption peak at
about 1445 cm ' is assigned to the asymmetric stretching
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Fig. 1 X-ray powder diffraction pattern of Ag,O-SrO-CaO nanoparticles.
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Fig. 2 Field emission scanning electron microscopy images (a and b) and energy dispersive spectrum (c) of Ag,O-SrO-CaO.

vibration of Sr-O, and the sharp absorption bands at around
866 cm ™' are attributed to the out of plane bending vibration of
Sr-0.% The IR band at around 666 cm ™" may be due to the low
frequency Ag-O vibration. The peak observed at 706 cm™" is

assigned to the Ca-O vibration.

4.4. Photoluminescence study of Ag,0-SrO-CaO
nanocomposite

The Ag,0-SrO-CaO nanocomposite was calcined at 600 °C and
the PL spectra were collected in acetone at different excitation
wavelengths (as shown in Fig. 4a). When the sample was excited
at different wavelengths (294, 300, 330, and 350 nm), different
emission peaks were observed, respectively. An intense emis-
sion peak along with other emission peaks was observed at 368
and 462 nm, respectively, when excited at 294 nm. Two emis-
sion peaks with low intensities were observed at 369 nm and
476 nm as a result of excitation at 300 nm. Then, when the
sample was again excited at 330 nm, a relatively sharp emission
peak was observed at 372 nm and another peak was observed at
410 nm. When the sample was excited at 350 nm, peaks were
also observed at 384 and 430 nm as broad bands. In this study,
when the sample was excited with increasing excitation wave-
lengths, the observed emission peaks in the UV-region showed

This journal is © The Royal Society of Chemistry 2020

ared shift. The data is compiled in Table S2.T These PL spectral
emissions arise from the recombination of free carriers.

The Ag,0-SrO-CaO composite that was calcined at the same
temperature also possessed excitation features when monitored
at 380, 450, 480 and 500 nm, as shown in Fig. 4b. A strong sharp
peak was observed at 333 nm when monitored at 380 nm. Two
peaks were found at 331 and 352 nm with the monitoring
wavelength of 450 nm. When the sample was monitored at
480 nm, a broad peak was observed at 350 nm and another one

Fig. 3 Transmission electron microscopy image of Ag,O-SrO-CaO.

RSC Adv, 2020, 10, 11274-1291 | 11277
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Fig. 4 PL spectra of Ag,O-SrO-CaO nanocomposite heated at 600 °C (a) at various wavelengths of excitations and (b) at various wavelengths of

monitors.

was observed at 421 nm. A broad peak was also found at 345 nm
with two other peaks at 435 and 459 nm when monitored at
500 nm. The data is compiled in Table S3.t

The PL of SrO, Ag,0 and CaO single metal oxide nano-
composites was also measured. All these nanocomposites were
calcined at 600 °C. The PL spectra were measured in acetone at
the same excitation wavelengths (Fig. S21) as used for the Ag,-
0O-SrO-Ca0 mixed metal oxide nanocomposites. The results
revealed that the structure of the emission spectra, position and
intensity of the emission peaks of Ag,O-SrO-CaO are different
from that of the single oxides. The emission spectra of Ag,-
0O-SrO-CaO are more well defined compared to that of the indi-
vidual oxides. This is because mixing of SrO, Ag,O and CaO in
a composite oxide results in a perturbation of the energy levels
that generates new luminescent centers in Ag,0-SrO-CaO.
However, observation of the much lower intensities of the
emission peaks for Ag,0O-SrO-CaO indicated that the recombi-
nation rate of photogenerated hole and electron pairs was lower
in the heterostructure nanocomposite. Since PL emission arises
from the recombination of free carriers, PL spectroscopy is the
first choice to explore the mitigation, transfer and recombination
processes of photogenerated electron-hole pairs in semi-
conductors. The PL results are presented in Fig. 4 and S27
wherein the corresponding single oxides clearly exhibited much
stronger intensities than the nanocomposite, further indicating
that the recombination of photo-induced electrons and holes in
the Ag,0-SrO-CaO heterostructures can be effectively inhibited,
which may improve the photocatalytic activity (see later).

4.5. Study of the photocatalytic activity of Ag,0-SrO-CaO

Effect of distinct amounts of Ag,0-SrO-CaO photocatalyst
on photodegradation. Initially, to make the stock solution of
1 x 107* M, 0.0393 g of methyl violet 6B (MV) dye was dissolved
in 1000 mL of distilled water. To protect the dye solution from

1278 | RSC Adv,, 2020, 10, 11274-11291

being degraded by sunlight, it was kept in the dark in order to
shield the volumetric flask containing the solution.

Different amounts of Ag,0-SrO- CaO photocatalyst were taken
to evaluate the effective dose for dye degradation under visible
irradiation, as shown in Fig. 5 and S3.1 Several amounts of the
photocatalyst ranging from 0.03 g L ™" to 0.07 g L™ ' were used to
make different solutions in this study. The percentage of MV
degradation gradually rose up to 0.05 g L™" and then fell with
increasing amounts of photocatalyst: 36%, 94%, 100%, 98% and
67% for 0.03 gL', 0.04 gL "0.05¢L % 0.06 gL, and 0.07 g
L' respectively. Thus, the efficiency began to decline after
reaching the highest peak for the optimum dosage of 0.05 g L™ ".

4.6. Study of photocatalytic activity of Ag,0-SrO-CaO
nanocomposite under visible light

An aqueous solution of MV dye was illuminated with a 200 W
tungsten lamp in order to determine the photocatalytic activity

100 ~

94% 98%

80

60

40

% of efficiency

20

004 005 0.6
Catalytic dosage gL

0.03 0.07

Fig. 5 Percentages of degradation efficiency of MV dye under visible
light at distinct dosages of the nanocomposite; 0.03 g L™, 0.04 g L™},
0.05gL% 0.06 gL and 0.07 gL~ (MV concentration: 0.0393 g L%,
pH 9, irradiation time 150 min).

This journal is © The Royal Society of Chemistry 2020
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of the Ag,O-SrO-CaO nanocomposite. A cylindrical Pyrex
beaker of 5 cm in diameter was used to contain the MV solution
and a fixed amount of the photocatalyst was added into that
solution. The resultant solution was stirred in the dark for
about 1 h before irradiation so that the adsorption-desorption
equilibrium could be confirmed. After finishing the above step,
about four mL of dye solution was removed into a tube at
regular intervals and centrifuged prior to analysis in order to
separate the dye solution from the photocatalyst. The spectro-
photometric method was used to determine the change of dye
solution concentration. The MV dye was degraded in the pres-
ence of the Ag,0-SrO-CaO photocatalyst at pH 9, 7 and 4,
respectively. When the MV dye was degraded as a function of
time, the spectroscopic measurements illustrate that the
absorption intensity of MV dye declined over time in the pres-
ence of photocatalyst. According to Beer-Lambert's law, the
concentration of MV is linearly proportional to the intensity of
the absorption peak at 570 nm. Thus, by using the following
equation, the photocatalytic efficiencies were calculated:*®

Photocatalytic efficiency = (1 — C/Cp) x 100 = (1 — A/A4,) x 100.

0.15
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Fig. 6

View Article Online

RSC Advances

Where, the concentration of MV dye before irradiation is
denoted by C, and C indicates the concentration after irradia-
tion time and the corresponding absorbances are denoted by 4,
and A, respectively.

The degradation of dye over time in the presence of the
Ag,0-SrO-CaO photocatalyst at pH 9, 7 and 4 is shown in
Fig. 6a-d and S4,T respectively. Fig. 6a shows changes in the
absorption intensity of MV dye at pH 9 over time under visible
light irradiation in the presence of Ag,0O-SrO-CaO. Similarly,
Fig. S4a and bj show changes in the absorption of MV dye over
time at pH 7 and 4, respectively. Fig. 6b reveals the degradation
of dye over time and Fig. 6¢ represents the percent of efficiency
at pH 9, 7 and 4, respectively. The degradation efficiencies were
found to be 100%, 57% and 31% at pH 9, 7 and 4, respectively,
after 120 min of visible light irradiation (Fig. 6d). Because of the
formation of hydroxyl radicals at pH 9, it was found that the
percent of dye degradation was excellent in basic media (pH 9),
moderate in neutral media (pH 7) and inferior in acidic media
(pH 4). MV is a cationic dye and is easily degraded in alkaline
solutions rather than in neutral and acidic media.*® The feasible
reason for this promoted efficiency is that hydroxide ions are

120

0 20 40 60 80 100
Time/min
100-
(d)
80
60

% of efficiency
-y
o

20+

pH-4 pH-7

pH-9

(a) Variation in the absorption spectra of the photocatalytic degradation of methyl violet 6B dye in the presence of Ag,O-SrO-CaO under

visible light irradiation for 120 minutes with 30 minute time intervals at pH 9, (b) degradation of dye over time and (c) percent efficiency with time
(d) percent efficiency of dye degradation at different pH (MV concentration: 0.0393 g L%, catalyst dosages: 0.05 g L™%).
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easily oxidized into hydroxyl radicals in alkaline solution. It has
been proposed that a Schottky barrier is formed at the interface
between the metal and semiconductor, while defects are created
within the crystal by the inclusion of one oxide to other oxides.>
The catalyst produced active oxygen species in addition to
scavenging the photogenerated electrons during the photo-
catalytic oxidation reaction in the presence of oxygen. So,
hydroxyl radicals are formed and the defective metal oxides
could respond to visible light by visible light-induced photo-
catalysis, which is widely employed for environmental
remediation.®***

4.7. Comparison of efficiencies of photocatalytic activity
between Ag,0-SrO-CaO and its corresponding single metal
oxide nanocomposites (SrO, Ag,0, and CaO)

A similar procedure was followed to measure the photocatalytic
activity of SrO, Ag,0 and CaO as with the Ag,0-SrO-CaO
nanocomposite. The MV dye was degraded several times in the
presence of SrO, Ag,O and CaO single metal oxide photo-
catalysts at pH 9 under visible light irradiation and the observed
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results are shown in Fig. 7a-d and S5.7 In each case, the change
in the concentrations of dye solution was measured by the
spectrophotometric method as shown in Fig. 7a for SrO and
Fig. S5 for Ag,0 and CaO, respectively. The dye solution was
degraded as a function of time and it was observed that as the
time increased, the intensity of dye absorption was decreased in
the presence of different photocatalysts. Fig. 7b shows the dye
degradation over time and Fig. 7c and d present the percent of
dye degradation efficiencies. The observed efficiencies of dye
degradation were found to be 72%, 66% and 43% in the pres-
ence of SrO, Ag,O and CaO photocatalysts, respectively, after
120 min of visible light irradiation, whereas the Ag,0-SrO-CaO
nanocomposite showed 100% dye degradation efficiency under
the same experimental conditions (Fig. 7d). As a result, it can be
evidenced that the percent efficiencies of dye degradation in the
presence of a ternary metal oxide nanocomposite is higher than
those in the presence of single metal oxide nanocomposites.
The binary/ternary catalysts are particularly preferred in the

field of photocatalysis because of their enhanced photocatalytic
properties and great advantages over monometallic counter-
The mixing of oxides

parts. 203465 can enhance the
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Fig. 7 Photocatalytic degradation of MV dye at pH 9 under visible light irradiation for 120 minutes with 30 minute time intervals in the presence
of (a) SrO catalyst, (b) degradation of dye over time in the presence of SrO, Ag,O and CaO catalysts, (c) % efficiency of dye degradation for SrO,
Ag,0O and CaO over time and (d) comparison of % efficiency of dye degradation for SrO, Ag,O, CaO and Ag,O-SrO-CaO.
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photocatalytic activity through the perturbation of energy levels
in mixed metallic systems. The additional energy levels can act
as a sink for the photogenerated electrons and eventually
reduce the electron-hole recombination rate. In our previous
studies, we used UV light for the catalytic degradation of dyes in
the presence of a catalytic amount of H,O, whereas in the
current study, the catalyst alone was adequate to perform the
photocatalytic degradation of MV dyes under visible light.

4.8. Appraisal of catalytic stability of the Ag,0-SrO-CaO
nanocomposite

In order to investigate the stability of the Ag,0-SrO-CaO het-
erostructures under visible light irradiation, the same samples
were recycled four times after separation by centrifugation, and
the results are shown in Fig. 8a-d and S6.f Fig. 8a shows the
decrease in absorption intensity of MV dye over time for the 1%
cycle and Fig. S6a-df show the change in the absorption
intensities for the 2™ to 5™ cycles. Fig. 8b shows the dye
degradation over time for the 1% to 5™ cycles and Fig. 8c indi-
cates the percent efficiencies for the 1% to 5™ cycles. The
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stability of Ag,O-SrO-CaO at pH 9 was evaluated by recycling
experiments. In the photocatalytic process, the reclamation and
reuse are important because of their contribution to lowering
the maintenance cost of wastewater treatments and other
processes. A simple procedure was followed to regenerate the
photocatalyst. After completing the reaction, the solution was
left standing for 24 h. The catalyst was thoroughly washed with
acetone using a sonicator and then dried in open air. The
stability of the catalyst was checked by reusing it several times.
Similar conditions were used for each new cycle and the pho-
tocatalyst was reused for the degradation of a fresh MV solution
after the photocatalyst was cleaned and dried. The percentage
efficiencies were found to be 100%, 92%, 90%, 85% and 83% at
pH 9 after five cycles (Fig. 8d). The remaining photocatalytic
efficiency obtained in the five-cycle reusability tests demon-
strated the promising application potential of Ag,O-SrO-CaO
nanoparticles as a photocatalyst. The results showed that the
photocatalytic activity decreased after each cycle and this
decrease in the photocatalytic activity of the catalyst may be due
to the absorption of intermediate products on the active sites of
the catalyst and the structural changes of the photocatalyst after

1.0
(b) —s=— Fresh sample

—a— 1st reuse

0.8 —<— 2nd reuse

—o— 3rd reuse

0.6 —eo— 4th reuse

[*]

‘2’: 0.4-
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Recycles

Fig. 8 Recycle and reuse of the Ag,O-SrO-CaO photocatalyst for MV dye degradation (MV concentration: 0.0393 g L™; photocatalyst dosage:
0.05 g LY in the presence of catalyst at pH 9 (a) decrease in absorption from 15 cycle, (b) dye degradation over time, (c) percent efficiency over

time and (d) % efficiency of catalyst for 1% to 5™ cycle.
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Table 1 Antibacterial activities of Ag,O-SrO-CaO nanocomposite against pathogenic bacteria in the dark

Diameter of inhibition zone,

D;, (mm) Ratio, R = D;,/D,
Bacterial culture 1 2 3 Diameter of well, D, (mm) 1 2 3
Serratia marcescens 0 0 30 4 0 0 7.5
Klebsiella pneumoniae 0 0 31 4 0 0 7.75
Bacillus subtilis 0 0 29 4 0 0 7.25
Staphylococcus aureus 0 0 30 4 0 0 7.5
Pseudomonas aeruginosa 0 0 31 4 0 0 7.75
Escherichia coli 0 0 31 4 0 0 7.75
Proteus mirabilis 0 0 21 4 0 0 5.25

reuse for several times. However, another reason for the
decrease in the catalytic activity may be the loss of some
quantity of the catalyst during the filtration process.

4.9. Antibacterial activity of Ag,0-SrO-CaO nanoparticles

Mixed metal oxide nanoparticles are being thoroughly investi-
gated as potential antibacterial agents. Moreover, the antibacte-
rial activity varies with particle size® and the antibacterial effect
is also affected by different morphologies and crystal growth
behaviors.®” The antibacterial activity of the mixed metal oxide
nanocomposite, Ag,0-SrO-CaO, was tested against some path-
ogenic bacteria including Gram-positive (S. aureus, B. subtilis)
and Gram-negative bacteria (S. marcescens, E. coli, K. pneumoniae,
P. aeruginosa, P. mirabilis) by the agar well diffusion method in
the absence and presence of visible light. The obtained results
are shown in Tables 1 and 2. The pathogenic bacterial isolates
were precultured in nutrient broth media at 37 °C for 120 rpm
and were held overnight. The mixed metal oxide nanocomposite
samples were prepared as 1 mg mL ™', 2 mg mL ™, and 3 mg
mL ", Miiller-Hinton agar nutrients were used for the subculture
of the pure cultures of organisms. A ~4 mm depth well was
created on the agar media and about 60 pL of solution was
poured in each well from the prepared nanocomposite solutions
using a micropipette. Cotrimoxazole (COT 25) was used as
a control. The plates were incubated at 37 °C for almost 24 h and
then the different levels of zone inhibition were measured. From
the clear zone of inhibition (as shown in Fig. 9 and 10), it was

found that in the dark, the Ag,O-SrO-CaO nanocomposite
showed antibacterial effects in the case of solution 3 only by
killing both Gram-positive and Gram-negative bacteria. However,
in the presence of light, all the three solutions of different
concentrations showed antibacterial activity, albeit a widely
varying degree. This is because of the excitation of the composite
by light and formation of the radicals like reactive oxygen species
(ROS) in solution, which facilitate the enhancement of bacteria
killing through the ROS mechanism. Thus, the nanostructured
Ag,0-SrO-CaO composite affords great mechanical damage to
the cell wall and the functions of bacteria as well as an enhanced
bactericidal effect.

4.10. Determination of MIC and MBC

The minimal inhibitory concentration (MIC) is defined as the
lowest concentration of a compound that will completely
inhibit the visible growth of microorganisms after an overnight
incubation. In this study, the microdilution method was
employed to evaluate the MIC of the Ag,0-SrO-CaO nano-
composite against two Gram-positive and five Gram-negative
bacteria (as shown in Fig. 11). At first, all the pathogenic
bacterial cultures were grown in nutrient broth (0.5% NaCl,
0.5% peptone, 0.15% beef extract, 0.15% yeast extract: pH 7)
overnight at 37 °C in a shaker incubator (120 rpm). Then,
a series of Ag,0-SrO-Ca0 nanocomposite solutions (1 pg uL ™,
0.5 ug uL %, 0.25 pg pl. ™', 0.13 pg pL ', 0.065 pg pL ', 0.032 pg
uL™, 0.016 pg pL~ ", 0.008 pug pL~" and 0.004 pg pL ™) were

Table 2 Antibacterial activities of the Ag,O-SrO-CaO nanocomposite against pathogenic bacteria in the presence of visible light

Diameter of inhibition zone,

D;, (mm) Ratio, R = D;,/Dy,
Diameter of well,

Bacterial culture 1 2 3 D, (mm) 1 2 3
Serratia marcescens 28 28 31 4 7 7 7.75
Klebsiella pneumoniae 28 29 35 4 7 7.25 8.75
Bacillus subtilis 26 27 30 4 6 6.75 7.5
Staphylococcus aureus 30 32 33 4 7.5 8 8.25
Pseudomonas aeruginosa 30 30 33 4 7.5 7.5 8.25
Escherichia coli 29 30 32 4 7.25 7.5 8
Proteus mirabilis 18 18 22 4 4.5 4.5 5.5
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Fig.9 Antibacterial activities of Ag,O-SrO-CaO nanocomposite in the dark with different concentrations of solutions as (1) 1 mg mL™%, (2) 2 mg
mL~tand (3) 3mg mL™tin the presence of (a) Serratia marcescens, (b) Klebsiella pneumoniae, (c) Bacillus subtilis, (d) Staphylococcus aureus, (€)
Pseudomonas aeruginosa, (f) Escherichia coli and (g) Proteus mirabilis (middle spot is for the control, COT 25).

prepared using a 2-fold serial dilution method in the microtiter
plate. Then, 100 pL of bacterial suspension was added in the
respective well containing Ag,0O-SrO-CaO nanocomposite
solution according to the Mac Farland standard 0.5 and incu-
bated at 37 °C for 24 h. After a 24 h incubation, 20 uL of Presto

Blue was added in each well and further incubated at 37 °C for
2-4 h. A change in color from blue to pink indicated the growth
of bacteria via the reduction of resazurin, and the MIC was
defined as the lowest concentration of the Ag,O-SrO-CaO
solution that prevented this change in color. A change in the

Fig. 10 Antibacterial activities of Ag,O-SrO-CaO nanocomposite in the presence of visible light with different concentrations of solutions as (1)
1 mg mL™% (2) 2 mg mL™t and (3) 3 mg mL™t in the presence of (a) Serratia marcescens, (b) Klebsiella pneumoniae, (c) Bacillus subtilis, (d)
Staphylococcus aureus, (e) Pseudomonas aeruginosa, (f) Escherichia coli and (g) Proteus mirabilis (middle spot is for the control, COT 25).
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Fig. 11 Determination of MIC and MBC values for the Ag,O-SrO-CaO nanocomposite against some pathogenic bacteria including Gram-
positive (S.aureus, B. subtilis) and Gram-negative bacteria (S. marcescens, E. coli, K. pneumoniae, P. aeruginosa, P. mirabilis).

color of the growth control well to pink indicated the proper
growth of the isolate and no change in the color of the sterile
control well indicated the absence of contaminants (Fig. 11,
column 1 and 12 respectively).

The minimum bactericidal concentration (MBC) was deter-
mined by directly plating the content of wells with concentra-
tions higher than the MIC value, as detailed in Table 3. The
MBC value was determined when there was no colony growth
from the directly plated contents of the wells. Thus, the MIC
and MBC values indicated the effective dose of Ag,0-SrO-CaO
against different Gram-positive and Gram-negative bacteria.

4.11. Electrochemical application with Ag,0-SrO-CaO
nanomaterials/GCE sensor probe. The working electrode of the
sensor was fabricated by the deposition of Ag,O-SrO-CaO
nanomaterials on a GCE as a thin film of nanoparticles and the
long-term stability of the deposited thin film of NPs was
enhanced by the addition of a drop of 5% Nafion suspension.
The Nafion is a copolymer and it has its own conductivity. As
a result, the electron transfer rate as well as the conductivity of
the working electrode is increased due to the use of Nafion, as
described in previous reports.®®*”> During the electrochemical
detection of 3-CP in PBS, the 3-CP molecules are adsorbed on
the surface of the NPs of the modified GCE and by the influence
of the applied potential, they are oxidized to CO,, H', and free
electrons. The generated free electrons trigger the high
conductivity of the sensing buffer phase and amplified I-V
responses are recorded in the Keithley electrometer. The elec-
trochemical oxidation of 3-CP has been described by earlier
authors.””* The proposed electrochemical reaction is shown in

eqn (i)
CsOH;sCl + 11H,0 — 6CO, + 27H" + C1™ + 26e~ 6]
A pictorial representation of the electrochemical oxidation of

3-CP is shown in Scheme 1.

1284 | RSC Adv, 2020, 10, 11274-11291

At the onset of this study, chemicals that are environmen-
tally toxic were analyzed in the electrochemical (I-V) approach
in a buffer phase. Fig. 12a shows the electrochemical responses
of DEM, 3-MA, 3-MP, 2,4-DAPDHCI, 3-MPHydHCI, benzalde-
hyde, m-THydHCI, 3-CP, 4-MP and zimtaldehyde. The experi-
ment was executed using 0.1 pM of each toxin in PBS. From
Fig. 12a, it is clear that 3-CP shows the highest I-V responses
and based on this, 3-CP is nominated as the selective toxin for
the assembled sensor composed of the Ag,O0-SrO-CaO
nanomaterials/GCE. Then, 3-CP was subjected to the /-V anal-
ysis corresponding to the concentration of 0.1 nM to 0.1 mM, as
illustrated in Fig. 12b. Fig. 12b shows that the electrochemical
(I-V) responses are distinguished from a lower to higher
concentration and can be separated from one to another. Thus,
the I-V responses are varied with the concentration of 3-CP,
which is similar to observations in previous articles detecting
various environmental toxins with the I-V approach.”” A
calibration plot of the current versus concentration of 3-CP was
executed, as illustrated in Fig. 12c. For this exploration, the
current data are separated in Fig. 12b at a potential of +1.5 V. As

Table 3 Determination of MIC and MBC by the Presto Blue aided
microdilution method of the Ag,O-SrO-CaO nanocomposite against
seven pathogenic bacteria

MIC reported in MBC reported in

Bacteria this study (ug mL~")  this study (ug mL ")
Escherichia coli 0.032 0.065
Klebsiella pneumoniae 0.032 0.065
Staphylococcus aureus 0.032 0.065
Pseudomonas aeruginosa  0.016 0.032
Proteus mirabilis 0.065 0.125
Serratia marcescens 0.016 0.032
Bacillus subtilis 0.016 0.032

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01205j

Open Access Article. Published on 19 March 2020. Downloaded on 10/23/2025 12:40:27 AM.

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

(cc)

Paper

~
wm

View Article Online

RSC Advances

~
=3

3-CP

I-V
C4OHCI+11H,0 ===p 6CO,+27H*+Cl+26¢"

Current (pA)
S o

wm

0

—o— 0.1 mM
—o— 0.01 mM
—o— 1.0 pM
—o— 0.1 pM
—— 0.01 pM
—o— 1.0nM
—o— 0.1nM

00 02 04 06 08 10 12 14

Scheme 1 Electrochemical detection mechanism of 3-CP in the buffer phase.

shown in Fig. 12c¢, the current data are linearly distributed
corresponding to the concentration range of 0.1 nM to 0.01 mM,
which provides evidence for the reliability of this method and

25

[
(=

Current (LA)
= >

Current (LA)
& 9 ®»

[
h

a

24-DAPDHCI
3Cp

3-MA

3MP
3-MPHydHCl
4-MP
Benzaldehyde
DEM
M-THydHCl
Zimtaldehyde

=0
=0

=

06 08 1.0
Volt (V)

12 14

4

@‘ LDR (0.1n1M~0.01mM)
0 20 40

60 80
Concentration (uM)

This journal is © The Royal Society of Chemistry 2020

100

Volt (V)

the range of concentration is defined as the LDR. Obviously, the
resulting LDR is a wider range of concentration. To examine the
linearity of the LDR, a plot of the current versus log (conc. of 3-

Current (LA)

Current (LA)

25
—o— 0.1 mM
—o— 0.01 mM
20 —o— 1.0 pM
—o— 0.1 pM
0.01 uM
15 .
10 -
5 o
0 —

00 02 04 06 08 10 12 14
Volt (V)

20
| d
18
R?=0.9979
17

N\

o

Volt(V)

Fig.12 The electrochemical evaluation of the sensor based on Ag,O-SrO-CaO nanomaterials/GCE. (a) The tests for selectivity, (b) |-V responses
of 3-CP based on concentration, (c) current versus log (concentration) and (d) calibration of 3-CP sensor.
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CP) was created, as shown in Fig. 12d, which is close-fitted with
the regression co-efficient R> = 0.9979, showing the high line-
arity of the LDR. From the slope of the calibration curve, the
sensor sensitivity is calculated, 8.9684 pA uM " cm ™2, which is
an appreciable outcome. Using a signal-to-noise ratio of 3, the
lower limit is detected, 97.12 + 4.86 pM, which is a considerably
lower limit for the detection of 3-CP in a buffer medium.

The response time is an efficiency measuring parameter of
a sensor and is defined as the time it takes to complete a I-V
investigation of an analyte. To determine the response time,
0.1 uM 3-CP was analyzed by the assembled sensor with Ag,-
0-SrO-CaO nanomaterials/GCE and the resulting data is
plotted as the current versus time (s), as illustrated in Fig. 13a.
An appreciable response time around 30.0 s is observed. A
comparison of the I-V responses in the analysis of 3-CP with
GCE and coated GCE are presented in Fig. 13b and it is shown

View Article Online

Paper

that the coated GCE has the maximum potential for the detec-
tion of 3-CP. Fig. 13c shows the reproducibility of the 3-CP
sensor with Ag,0-SrO-CaO nanomaterials/GCE. The reproduc-
ibility describes the capability of the sensor to produce similar
results under similar conditions.

As shown in Fig. 13c, the seven I-V outcomes in the detection
of 3-CP at 0.1 uM and potential 0 to +1.5 V in a buffer phase in
seven successive hours are completely identical and cannot be
distinguished. The deviation from idleness is not perceived
even after washing the electrode after each analysis. Then, the
precision of the reproducibility, the relative standard deviation
(RSD), was measured and found to be 1.41%. Thus, the repro-
ducibility parameter shows us that the 3-CP sensor is reliable.
The stability of the proposed 3-CP sensor in a buffer phase is
necessary and it was tested by the execution of the reproduc-
ibility parameter for seven continual days, as illustrated in

20
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Fig. 13 Optimization: (a) response time, (b) comparison of /-V responses in the detection of 3-CP, (c) reproducibility and (d) long-time stability

measurement.
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Table 4 The performance of earlier invented 3-CP chemical sensors®
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Modified GCE Analyte DL LDR Sensitivity Ref.
MCM-41 NMs/GCE 1,2-DCB 13.0 pM 0.089 nM to 8.9 mM 0.7468 pA uM ! cm™? 80
Ag@Nd,0; NPs/GCE 4-NP 0.43 pM 1.0 pM to 0.1 mM 0.221 pA uM~* em ™2 81
Fe;0,@Ag@Ni NMs/GCE 2,4-DAP 5.4 pM 0.1 nM to 1.0 mM 3.5217 pA uM "t em ™2 82
Ag,0-SrO-CaO nanomaterials/GCE 3-CP 97.12 pM 0.1 nM to 0.01 mM 8.9684 pA M ' cm 2 This work

% DL, detection limit; LDR, linear dynamic range; nM, nanomole; pM, micromole; pM, picomole.

Table 5 The analysis of environmental samples using Ag,O-SrO-CaO nanomaterials/GCE sensor by recovery method

Measured 3-CP conc.” by
Ag,0-SrO-CaO nanomaterials/GCE

(uM)
Added 3-CP concentration
Sample (M) R1 R2 R3 Average recovery” (%) RSD‘ (%) (n = 3)
Sea water 0.01000 0.0091 0.00982 0.00983 98.28 0.10
PC-water bottle 0.01000 0.0091 0.00982 0.00967 98.01 1.24
Tap water 0.01000 0.0096 0.00962 0.00968 95.59 1.19

“ Mean of three repeated determination (signal to noise ratio 3) Ag,0-SrO-CaO nanomaterials/GCE. ? Concentration of 3-CP determined/
concentration taken (unit: nM). ¢ Relative standard deviation value indicates precision among three repeated measurements (R1, R2, R3).

Fig. 13d. The stability showed an outcome similar to the
reproducibility. It can be summarized that the proposed 3-CP
sensor is well-suited for detecting 3-CP in a buffer solution. For
further validity, a comparison of similar studies is highlighted
in Table 4 in terms of the analytical parameters, such as
sensitivity, LDR and DL.**"** Based on the explored data, the 3-
CP sensor with the Ag,0-SrO-CaO nanomaterials/GCE exhibits
the best performance.

4.12. Analysis of real samples. To establish the effective-
ness of the 3-CP sensor based on the Ag,O-SrO-CaO
nanomaterials/GCE, it was subjected to the detection of 3-CP in
real samples collected from environmental sources using
a recovery method illustrated in Table 5. The resulting data are
represented in Table 5 and it seems to be quite satisfactory.

5. Conclusion

A Ag,0-SrO-Ca0 multi-metal oxide nanocomposite was
synthesized by a facile co-precipitation method following
calcination for 5 h at 600 °C. The synthesized nanocomposite
was characterized by XRD, FESEM, EDS, TEM, FTIR and PL
spectroscopy. The Ag,0-SrO-CaO heterostructure nano-
composite demonstrates exemplary photocatalytic activity
under visible light irradiation. From the results of the MV dye
degradation, it was found that the percent efficiency of dye
degradation was much greater for the multi-metal oxide nano-
composite than for the corresponding single metal oxides. The
Ag,0-SrO-CaO nanocomposite showed excellent photocatalytic
activity and exhibited 100%, 57% and 31% degradation effi-
ciency under a visible light irradiation at pH 9, 7 and 4,
respectively, within 120 minutes, whereas the efficiencies of dye
degradation were found to be 72%, 66% and 43% in the

This journal is © The Royal Society of Chemistry 2020

presence of SrO, Ag,0 and CaO photocatalysts, respectively, at
pH 9 after 120 min of visible light irradiation. Thus, the Ag,-
0O-SrO-CaO mixed metal oxide nanocomposite is an excellent
photocatalyst due to its dye removal ability and reusability. It
also showed enhanced antibacterial activities against some
Gram-positive and Gram-negative pathogenic bacteria in the
absence and presence of visible light. In the presence of light,
the anti-bacterial activities were found to be boosted up
remarkably because of the formation of ROS. The MIC and MBC
value of the Ag,0-SrO-CaO nanocomposite were also deter-
mined against these pathogenic bacteria, which indicated the
minimum dose for effective anti-bacterial functions. The 3-CP
sensor with Ag,0-SrO-CaO nanomaterials/GCE was investi-
gated in detail to evaluate the sensitivity, LDR and detection
limit, which were appreciable. It was examined for reproduc-
ibility, response time and long-term stability, which were also
outstanding. Finally, the validation of this sensor was executed
to detect 3-CP in real environmental samples by applying the
recovery method and it was found to be reliable.
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