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Photocatalysis, photoinduced enhanced anti-
bacterial functions and development of a selective
m-tolyl hydrazine sensor based on mixed
Ag-NiMn,O4 nanomaterialst
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In this work, a tri-metal based hanocomposite was synthesized and characterized. A detailed investigation
of the photocatalytic dye degradation efficiency of the nanocomposite under visible light showed
promising results in a wide pH range, both acidic and basic medium. Studies on anti-bacterial activity
against seven pathogenic bacteria, including both Gram positive and Gram negative species, were
conducted in the presence and absence of light and compared with the standard antibiotic gentamicin.
The minimum inhibitory concentration (MIC) values of Ag-NiMn,O,4 against multidrug-resistant (MDR)
pathogens ranged from 0.008 to 0.65 pg pL~! while the minimum bactericidal concentration (MBC) was
found to be 0.0016 pg pL~t The nanomaterial, Ag-NiMn,O4 was deposited onto the surface of a glassy
carbon electrode (GCE; 0.0316 cm?) as a thin film to fabricate the chemical sensor probe. The proposed
sensor showed linear current (vs. concentration) response to m-THyd (m-tolyl hydrazine) from 1.0 pM to
0.01 mM, which is denoted as the linear dynamic range (LDR). The estimated sensitivity and detection
limit of the m-THyd sensor were found to be 47.275 pA uM~* cm™2and 0.97 + 0.05 pM, respectively. As
a potential sensor, it is reliable due to its good reproducibility, rapid response, higher sensitivity, working
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Introduction

Dyes are extensively used in the textile industry, and consider-
able amounts are discharged into natural water reservoirs
without any treatment. To treat wastewater, many catalysts have
been investigated. Harmful pollutants are increasingly
becoming a serious threat to the environment by several-fold
every year as the economic development increases.' Numerous
organic and inorganic pollutants enter the environment every
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stability for long duration and efficiency in the analysis of real environmental samples.

day’ and inorganic pollutants such as heavy metals are
hazardous. Organic pollutants used in industries, including
textile, cosmetics, paper, printing, and pharmaceutical indus-
tries, are even more harmful.>* The dyes used in textile indus-
tries contribute to disruption of harmony in the ecosystem.
These industries use azo dyes, which are released to nearby
water bodies without any treatment. Most textile industries are
situated in developing countries and are often reluctant to
address environmental issues. These dyes, containing waste-
water destabilize the natural harmony destroying the aquatic
ecosystem. In addition, they are a threat to human health, as
allergen and mutagen enforce an unrecoverable negative effect
on ecology.® Organic dyes are highly non-biodegradable and
cause genetic problems, toxicity, and carcinogenicity to
humans, and their direct release into the environment adversely
affects the photosynthesis cycle.*” Conventional methods of
treatment, including physical, chemical, and biological
processes, fail to decompose and mineralize organic waste
materials and only transfer them to another phase called
secondary pollutants.® Secondary pollutants require further
processing, which incurs added operational costs.”™*

Recent studies have offered several modern techniques to
remove textile dyes from wastewater, including chemical
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oxidation,"” anaerobic treatment,” membrane filtration,"
adsorption,* biosorption,* and coagulation” and the most
prominent is the photocatalysis.” In order to enhance the effi-
ciency of catalysts, researchers have developed many heteroge-
neous photocatalytic materials, including Ag;PO,/graphene
oxide,"” NiO,* and MnO,.** Although the efficiency of degra-
dation of pollutants was increased using heterogeneous mate-
rials, a substantial percentage is required to treat wastewater
with highly concentrated pollutants. Another problem related to
nanocatalytic dye degradation is the pH selectivity. There is an
optimum pH limit where nanocomposites work efficiently. A
few of them work better in acidic conditions, whereas others
work better in basic conditions, thus limiting the application of
catalysts under different reaction conditions. A nanocomposite
which can effectively degrade organic dyes in wastewater in
both higher and lower buffer conditions will be extremely
exciting and useful. In this study, Methyl Violet 6b (MV) was
used as a model dye to evaluate the photocatalytic dye degra-
dation efficiency of the synthesized nanocomposite,
Ag-NiMn,0,.

Nanocomposites can also be used to modify electrodes to
detect specific molecules in waste water and as antibacterial
agents to kill several types of bacteria.”* The antibacterial
activities of a mixed metal oxide nanocomposite, Ag-NiMn,0y,,
were tested against some pathogenic bacteria, including Gram
positive (S. aureus, B. subtilis) and Gram negative (S. marcescens,
E. coli, K. pneumoniae, P. aeruginosa, P. mirabilis) bacteria, by the
agar well diffusion method in the absence and presence of
visible light.

Hydrazine is used as an industrial raw material to produce
pesticides, herbicides, insecticides, corrosion inhibitors, phar-
maceutical intermediates, dyestuffs, antioxidants, explosives,
catalysts, fuel cells, and rocket fuel.>**” Due to the high toxicity
of hydrazine, several syndromes, including eye irritation, throat
and nose irritation, temporary blindness, seasickness, uncon-
sciousness, respiratory edema, and faintness, are perceived in
humans. Long-term high-level exposure can cause carcinogenic
and mutagenic effects in the lungs and liver as well as kidney
damage. Additionally, the toxicity of hydrazine can affect the
central nervous system.?®¢ Therefore, hydrazines are classified
as priority toxic elements by the US Environmental Protection
Agency (EPA).%

Numerous analytical methods have been reported regarding
the detection of hydrazine, including titrimetric methods,*
spectrophotometric  methods,***  chemiluminescence,*"**
chromatographic methods,*** coulometry,* fluorescence,***’
and electrochemistry.** However, these methods have disad-
vantages, including heavy and expensive instrumentation, time
consumption during analysis, and inconvenient in situ detec-
tion. To overcome these drawbacks, reliable and sensitive
electrochemical methods involving the I-V approach for the
detection of toxic chemicals have reported previously.*»* In this
study, we report the development of an electrochemical sensor
using a Ag-NiMn,0O, nanomaterial on GCE.

The m-tolyl hydrazine chemical sensor was fabricated with
GCE coated with the Ag-NiMn,0, nanomaterial. The stability of
the sensor probe was implemented by applying conductive
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Nafion (5% in ethanol) as a chemical glue under ambient
conditions. Detailed analyses, such as sensor sensitivity, linear
dynamic range, detection limit, stability, linearity, response time,
and reproducibility, were investigated by the electrochemical
method. Finally, various real samples (collected from various
environmental sources) were analyzed to check the applicability
as well as the validity of this chemical sensor probe.

Experimental
Materials and methods

To synthesize the nanocomposite in this experiment, silver
nitrate, AgNO; (Sigma Aldrich, Germany), manganese acetate,
Mn(CH;COOH),-4H,0 (Sigma Aldrich, Germany), NiCl,-6H,0
(Sigma Aldrich, Germany) and sodium carbonate, Na,CO; (AR,
BDH) were purchased and used as supplied. Methyl violet 6b
(C34H,gN3Cl, Sigma Aldrich, Germany), was used to assess the
photocatalytic activity. Gentamicin (C,;H,3N50,, HiMedia Labo-
ratories, India) was used as a standard to compare the antibac-
terial activity. The other chemicals were analytical grade,
including m-tolyl hydrazine (m-THyd), 1,2-diaminobenzene (1,2-
DAB), phenylhydrazine (PHyd), 2,4-dinitrophenol (2,4-DNP),
chlorobenzene (CB), 1,2-dichlorobenzene (1,2-DCB), salicylalde-
hyde, 1,4-dioxane and zimtaldehyde, and were procured from
Sigma-Aldrich. As supporting chemicals, monosodium and
disodium phosphate buffers and Nafion (commercially obtained
as a 5% suspension in ethanol) were used to complete this study.
Distilled and autoclaved water were used throughout the study.

The bulk crystal phases and other structural evidence of the
materials considered in this study were characterized by X-ray
diffraction (XRD, Bruker D8 Advance diffractometer equipped
with a graphite monochromator). The diffraction patterns were
logged in the step scan mode at 0.05 steps and a measurement rate
of 10 s per step. The diffraction patterns were registered within the
26 angle range from 10° to 80°. The surface morphology was
determined using a scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectrometer (EDS) (JSM-7100F)
linked with an EDS (Oxford) mapping device and using an
atomic force microscope (AFM) (NaioAFM, NanoSurf). The Fourier
transform infrared spectroscopic (FTIR) analysis of the samples
was carried out using an FTIR spectrometer (Shimadzu, FTIR-
8400S) with KBr as a reference matrix. The photoluminescence
behavior of the synthesized nanocomposite was studied by
a spectrofluorophotometer (Shimadzu Corp. model RF-5301), and
the photocatalytic activity was observed with the aid of a double
beam UV-visible spectrophotometer (UV-1800 Series, Shimadzu
Corporation, Kyoto, Japan). A Keithley electrometer was used to
assemble and study the desired sensor.

Synthesis of the Ag-NiMn,0, nanocomposite

The Ag-NiMn,0, nanocomposite was synthesized using a simple
co-precipitation method. 0.25 M solutions of AgNO; (4.246 gm in
100 mL), NiCl,-6H,0 (5.942 gm in 100 mL) and Mn(CHj;-
COOH),-4H,0 (6.177 gm in 100 mL) were respectively prepared.
All these solutions were mixed in a beaker in the same volume (50
mL) ratio with constant stirring for about 15 minutes. In this

This journal is © The Royal Society of Chemistry 2020
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triple metal salt mixture, 0.5 M Na,CO; was added dropwise at
65 °C until the reaction was complete. The resultant mixture was
stirred for an additional 1 hour at 65 °C with constant stirring.
After terminating the reaction, the white precipitate was sepa-
rated from the solution by centrifugation, washed several times
with deionized water and finally dried at 120 °C in an oven for 2
hours. Then, the powder sample was calcined in an electric
muffle furnace (Gallenkamp, Korea) at 950 °C for four hours. The
calcinations converted the carbonates of the sample into their
oxides.”™** Three different single metal oxides (Ag,0, NiO and
MnO) were also synthesized by the same method. All these oxides
were calcined at 950 °C. The reactions of the Ag-NiMn,O,
synthesis can be summarized as below:

2(Ag" + NO;7) + (Na™ + CO5>7) — Ag,CO; + (Na™ + NO3 )
Ag2CO3 g 2Ag + C02

4(Mn** + 2CH;COO™) + 4(Na* + CO;*7) + H,0 —
Mn4(CO3)3(OH)2 + C02 + 4(Na+ + CH3C007)

3(Ni2* + 2C17) + 6(Na* + CO527) + H,O — Ni3(CO5),(OH), +
CO, + 6(Na* + CI")

3Mn4(CO3)3(OH)2 + 2N13(CO3)2(OH)2 g 6NiMH204

NiMn,0O4 + Ag — Ag-NiMn,0y4

Results and discussion

Structural characterization of the Ag-NiMn,O,
nanocomposites

The XRD data analysis (Fig. 1) was carried out using MDI Jade
software. The synthesized nanocomposite has matching peaks
at 20 angles of 18.19° (1 1 1), 29.97° (2 2 0), 35.32° (3 1 1), 36.95°
(22 2),42.94° (4 0 0), 47.02° (3 3 1), 53.29° (4 2 2), 53.29° (4 2 2)

56.81° (51 1), 62.39° (4 4 0), 65.60° (5 3 1), 66.65° (4 4 2), 70.78°
(62 0),73.82° (5 3 3), 74.82° (6 2 2), and 78.77° (4 4 4). The peak
search results matched the obtained pattern for the structure of
nickel manganese oxide, NiMn,0, (matching JCPDS #74-1865).
The structure is cubic in shape with the Fd3m (227) space group,
with cell dimensions (a) of 8.4028 A, an angle («) of 90° and
a unit cell volume of 593.3 A%, The presence of silver nano-
particles was predicted by the matching peaks at 26 values of
38.2° (11 1), 44.4° (2 0 0), 64.6° (2 2 0) and 77.59° (3 1 1)
(matching JCPDS #87-0720), which is cubic silver 3C (Ag). The
space group of silver is Fm3m (225), with cell dimensions (a) of
4.07724 A, an angle («) of 90° and a unit cell volume of 67.8 A%,
For size analysis, a Williamson-Hall plot (eqn (1)) was used; the
particle size was estimated to be 58.3 nm, where the standard
deviation (ESD) of the peak fitting is 0.00039 (Fig. S17).*

K x 2

FW(s) x cos(f) = Size

+ 4 x strain x sin(6) (1)

From the XRD data, the structural composition of this
nanocomposite can be estimated to be Ag-NiMn,0,.

This journal is © The Royal Society of Chemistry 2020
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Morphological and elemental analysis of the Ag-NiMn,0,
nanocomposite

SEM studies were performed to determine the morphology of
the Ag-NiMn,0, nanocomposite. The SEM images show nano-
plates with clear edges (Fig. 2). The as-prepared crystals
exhibited a uniform and regular rhombic-like morphology, with
average dimensions of about 500 to 700 nm in edge length and
100 nm in thickness; cubic Ag was aggregated on the surface as
nanoclusters. As evidenced by the SEM images, the Ag-NiMn,0,
nanocomposite comprises different facets, which may impart
enhanced photocatalytic activity.**

The EDS showed the mass and atomic percentages of the
individual elements in the nanocomposite, as shown in Fig. 3
and Table 1. The nanocomposite comprises 50.35% oxygen,
21.13% nickel and 21.72% manganese. On the other hand, the
composite contains about 6.8% silver. This analysis supported
the formation of mixed oxide Ag-NiMn,0,.

The SEM-EDS mapping image (in Fig. S2(a-d)f) shows the
individual metals in the nanocomposite surface. It provides infor-
mation about the distribution of all the metals in the whole nano-
composite matrix. However, in the overlap image (in Fig. S2(e)t),
a dominating blue tint can be seen; this supports our predicted self-
assembly of Ag nanoparticles on the NiMn,0, oxide surface.

FTIR analysis of the Ag-NiMn,0, nanocomposite

The FTIR spectrum of Ag-NiMn,0, was measured in the range
of 400-4000 cm . The metal oxide composite calcined at 950 °C
(Fig. S31) showed no peaks corresponding to carbonate species.
Therefore, the composite was completely converted into metal
oxides. The peak at 447.49 cm™ " is associated with Ni-O vibra-
tion, the peaks at 516.92 cm ™" and 605.65 cm ™' can be ascribed
to Mn-O stretching vibrations, and the peak at 800.46 cm ™" is
due to O-Mn-O stretching.

Surface analysis of the Ag-NiMn,0, nanocomposite

A thin film of Ag-NiMn,0, nanocomposite was deposited on
a glass surface. A very dilute solution of the nanocomposite in
acetone was used as a drop coat. AFM images of Ag-NiMn,0,
were recorded using the dynamic (tapping) method to observe
the surface morphology of the nanocomposite, as shown in
Fig. S4(a and b).} Fig. S4(a)t depicts a particle of the composite
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o
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o
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Fig. 1 X-Ray diffraction pattern of the Ag-NiMn,O, nanocomposite.
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Fig. 2 Scanning electron microscope image of the Ag-NiMn,O,4 nanocomposite surface (a and c) on a 1 um scale and (b and d) on a 100 nm

scale.

with a length of 163 nm and a width of 97 nm. The average
particle size was found to be 130 nm. The linear roughness of
that surface was cut out (Fig. S4(b)t) and analyzed using
NaioAFM software, and the average roughness is 2154.4 pm, as
shown in Table S1.1 The enhanced surface roughness may exert
excellent catalytic contributions in nanocomposites than in
single oxide particles.

OKa MnLL MnLa 1 Nita oz

Aglapgrp Aglb2

— MnKesc
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Fig. 3 The energy-dispersive X-ray spectrum of the Ag-NiMn,O,4
nanocomposite.
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Photoluminescence studies of the Ag-NiMn,O,
nanocomposite

The Ag-NiMn,0, nanocomposite calcined at 950 °C was used to
measure the photoluminescence spectra by dispersing the
nanocomposite in acetone (as shown in Fig. 4). The
Ag-NiMn,0, nanocomposite showed a photoluminescence
excitation (PLE) spectrum when monitored at 450 nm, as shown
in Fig. 4(a). A broad peak (320 to 400 nm) was observed with
a maximum at 370 nm when monitored at 450 nm.

When the sample was excited at different wavelengths of 330,
340, 350, 360 and 370 nm, different photoluminescence (PL)
peaks were observed (Fig. 4(b)). Three emission peaks were
observed at 406, 425 and 427 nm when excited at 330 nm. Two

Table 1 EDS data representation with the atomic and mass

percentages

Element (keV) Mass% Sigma Atom%
OK 0.525 20.27 0.09 50.35
Mn K 5.894 30.04 0.15 21.72
Ni K 7.471 31.22 0.2 21.13
AgL 2.983 18.47 0.1 6.8
Total 100 100

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Photoluminescence emission spectrum of the Ag-NiMn,O4 nanocomposite monitored at 450 nm (a) and photoluminescence spectra at

various wavelengths of excitation (b) heated at 950 °C.

emission peaks were observed at 404 and 427 nm as a result of
excitation at 340 nm. Four PL peaks were observed at 403, 420,
430 and 450 nm when the sample was excited at 350 nm. Then,
the sample was excited at 360 nm, and the emission peaks were
observed at 403, 427 and 450 nm. Similarly, three emission
peaks were found at 403, 427 and 449 nm when the sample was
excited at 370 nm. The emission band from 420 to 470 nm
indicates a blue band in the visible region.*® Ionized oxygen
vacancies in the valence band may be the reason for the blue
band emission. A blue emission may have been detected
because of the radiative recombination of the photogenerated
holes with electrons occupying the oxygen vacancies.’® The
excitation-wavelength-dependent PL properties of Ag-NiMn,0,
may be caused by the existence of an energetically dissimilar
molecular distribution of the ground state, coupled with a low
rate of the excited state relaxation processes. The data are
compiled in Table 2.

Photoluminescence study of single metal oxides (Ag,0, NiO,
MnO)

The PL spectra of single metal oxides (Ag,O, NiO and MnO) were
also measured in acetone at various wavelengths (Fig. S5-S71)
and compared with that of the nanocomposite. When the

Table 2 PLE and PL data of the Ag-NiMn,O4 nanocomposite calcined
at 950 °C

Monitored wavelength (nm) Emissions observed (nm)

450 370, 391

Excitation wavelength

(nm) Emissions observed (nm)
330 406, 425, 431

340 404, 427

350 403, 420, 430, 450

360 403, 427, 450

370 403, 427, 449

This journal is © The Royal Society of Chemistry 2020

particles were excited by 330 nm light, NiO and MnO showed
somewhat similar PL spectra to the tri-metal oxide nano-
composite, both giving peaks around 404 and 427 nm. In the
case of Ag,O, there is a peak at 385 nm which is absent in the
emission spectrum of the tri-metal oxide nanocomposite
(Fig. 5). This indicates that the as-synthesized nanocomposite
contains no Ag,0 species. Thus, the PL study supports the
structural assignment of the Ag-NiMn,0, nanocomposite.

Photocatalytic activity of the Ag-NiMn,0, nanocomposite

The photocatalytic activity of the catalyst was evaluated using
the decolorization of MV dye under visible light irradiation. The
dye solution (100 mL, with an initial concentration of 8.0 ppm)
was maintained in a Pyrex beaker 5 cm in diameter, and the
catalyst (differing amounts) was added to the dye solution. The
solution was stirred prior to irradiation for about 1 hour in the
dark to ensure adsorption/desorption equilibrium. Two 200 W,
220-240 volt tungsten incandescent light bulbs were used as
a visible light source. The distance between the experimental
dye solution and the light source was 15 cm. The reactor was set
in the open air. 5 mL of solutions were collected at regular
intervals, and the dye solutions were separated from the photo-

——Ag,0 330 nm

——NiO 330 nm
MnO 330 nm

N
[6,]
385 nm

Photoluminescence (a. u.)

-5
350

450 500

Alnm

400 550

Fig. 5 Comparative photoluminescence spectra of the single metal
oxides (Ag,O, NiO and MnO) calcined at 950 °C.
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catalyst by centrifugation before analysis. The changes in the
concentrations of the dye solutions were measured spectro-
photometrically using a Shimadzu-1800 spectrophotometer.
The photocatalytic efficiency was calculated using the expres-
sion given in eqn (2):

n=(1— CICy) x100 = (1 — A/4g) x 100 )

where C, is the concentration of MV before illumination and C
is the concentration after irradiation.

In this study, the pH selectivity of the dye degradation effi-
ciency of the nanocomposite was assessed under three different
conditions: acidic (pH 4), neutral (pH 7) and basic (pH 9) media.
To examine the catalytic process, hydrogen peroxide was used
as a catalyst booster. Fig. 6 depicts the change in the UV-vis
spectra with time due to the photocatalytic degradation of MV
dye at different pH values in the presence of the Ag-NiMn,0,
nanocomposite. A gradual decrease in absorption intensity with
time was observed in each case. Fig. 6 shows that in the pres-
ence of the catalyst at pH 4, pH 7, and pH 9 and in the presence
of the catalyst at pH 9 with H,0,, the dye degradation effi-
ciencies were 91%, 50%, 77%, and 95%, respectively. It is
usually found that photocatalytic dye degradation efficiency of
the nanocomposite is pH-dependent, that is, they show higher
efficiency at a particular pH, under either acidic or basic
conditions. In the current study, the dye degradation efficiency
is higher at both acidic pH 4 (91%) and basic pH 9 (77% and
95%) compared to neutral pH 7 (50%). This observation indi-
cated a special feature of the nanocomposite, Ag-NiMn,O,, in
photocatalytic dye degradation, which may be applied for
different types of waste water treatment either in acidic or basic
medium with no pH selectivity.

Nanocomposites which work better in basic solution generally
promote the reaction by enhancing hydroxyl ion/radical forma-
tion. The hydroxyl radicals can be produced by oxidizing more
hydroxide ions in alkaline solution. Thus, the efficiency of the
method is logically boosted at pH 9. It appears that pH and H,0,
have strong effects on the photodegradation of the dye. The
addition of H,0, to the heterogeneous system increases the
concentration of "OH radicals. Being an electron acceptor, H,0,
not only generates ‘OH radicals but also inhibits the electron—-
hole recombination process at the same time. When the ‘OH
radical concentration becomes high, the H,0, consumes
hydroxyl radicals and performs as a hydroxyl radical scavenger.

In acidic medium, catalysis is usually driven by surface
charge and high occupation of the active sites.’” The perhy-
droxyl radical (HO;) can produce hydrogen peroxide, which in
turn gives rise to the hydroxyl radical. Under both acidic and
basic conditions, the oxidation of surface-bound HO™ and H,O
to form the hydroxyl radical is thermodynamically possible.
Thus, both H" and HO™ may be able to enhance the photo-
catalytic degradation efficiency.”®* The reactions of photo-
catalysis can be summarized as follows:

MO + hy - MO (CCB7 + hVB+)

MO (hVB+) + Hzo — MO + H+ + ‘OH

30608 | RSC Adv, 2020, 10, 30603-30619
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MO (hyg") + OH - MO + "OH

MO (ecg ) + O, = MO + O,
0, +H"—>HO,

Oxidative reactions due to photocatalytic effects,
2h* + 2H,0 — 2H" + H,0,

H202 — HO" + 'OH

Reductive reaction due to photocatalytic effects,

‘027 + H02 + H* _>H202 + 02

H,0, — HO" + "OH
Dye + "OH — degradation products
Dye + hyg* — oxidation products
Dye + ecg~ — reduction products

where MO stands for metal oxide and Av is the photon energy
required to excite the semiconductor electron from the valence
band (VB) region to the conduction band (CB) region. Ulti-
mately, the hydroxyl radicals are generated in both reactions
(oxidative and reductive). These hydroxyl radicals are very
oxidative in nature and non-selective, with a redox potential of
+3.06 V.

Effects of the photocatalyst amount of the Ag-NiMn,0,
nanocomposite

The optimum dosage for the maximum performance of the
synthesized nanocomposite was examined, and the dye was
maintained in pH 4 medium (Fig. 7). The solution was main-
tained at pH 4 because the nanocomposite showed enhanced
dye degradation efficiency by about 91% at this pH value.
Photocatalytic dye degradation was studied in different doses
(Fig. S87), where the amount of dye was kept the same but the
catalyst dose was changed every time. When 0.3 g L™ catalyst
was used in the process, the photocatalytic dye degradation
efficiency was found to be 72%. Similarly, for 0.4 g L%, the
efficiency was 85%. The efficiency climbed to an apex when
0.5 g L™ of catalyst was used with a degradation efficiency of
91%. With further increase of the catalytic dose, the efficiency
falls. When 0.6 g L™" was used, the efficiency declined to 90%;
finally, for 0.7 g L™, the efficiency plummeted to 89%. To
ensure high fidelity, further experiments were carried out using
the 0.5 g L ™! catalyst dose.

Catalytic stability of the Ag-NiMn,0, nanocomposite

The notion of using a catalyst once is neither cost-effective nor
nature-friendly. A suitably stable catalyst can contribute

This journal is © The Royal Society of Chemistry 2020
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significantly to lowering the operational cost of the process,
which is an important parameter in the applicability of photo-

catalysts for waste water purification. The actual pH value of
textile industrial waste water in Bangladesh is ~8 because of the
use of NaOH in washing materials. We believe that the photo-
catalyst Ag-NiMn,0, is useful for treatment of industrial waste
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water. To evaluate the possibility of using the same catalyst
multiple times without considerable reduction of the perfor-
mance, a catalytic stability assessment was performed at pH 9,
as shown in Fig. 8.

The catalyst was regenerated in a straightforward way. After
the first photocatalytic dye degradation reaction was complete,
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Fig. 6 Photocatalytic MV dye degradation in the presence of Ag-NiMn,O4 nanocomposite in media of (a) pH 4, (b) pH 7, (c) pH 9, and (d) pH 9
with H,O,; (e) degradation of dye over time and (f) percent of efficiency with time (MV concentration 5 mg L™2, catalytic dosage: 0.50 g L™%).
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the solution was allowed to stand for 24 h; then, the supernatant
was removed. Then, the catalyst was thoroughly rinsed several
times with distilled water and dried at 220 °C for 2 hours. To
evaluate the photocatalytic efficiency of the reused catalyst,
a series of experiments were performed using 0.5 g L™ " catalyst
under visible light at pH 9 using MV dye solution. The experi-
mental results are shown in Fig. S9.1 For each new cycle, the
photocatalyst was reused for the degradation of a fresh MV
solution under similar conditions after the photocatalyst
samples were separated and dried. In the presence of the
Ag-NiMn,0, catalyst at pH 9, the degradation percentages of
MV solution for 5 cycles of use were 77%, 76%, 74%, 71% and
69% after 4 h of visible light irradiation, respectively (Fig. 8).
The decrease in the degradation percentage may be due to the
adsorption of intermediate products on the active sites of the
photocatalyst, which renders them unavailable for degradation
of fresh dye solution. Another cause may be the loss of some of
the catalyst during separation. However, 69% of MV was
degraded successfully during the 5% use of the photocatalyst,
i.e. the total decrease of efficiency over 5 cycles was only 8%; this
indicates that the catalyst can be reused effectively.

Kinetics study of methyl violet 6b degradation by the
Ag-NiMn,0, nanocomposite

The plot of In([MV]/[MV]) vs. time provided a straight line with
slope k at variable pH, as shown in Fig. 9. The pseudo-first order
assumption describes the experimental data well. The observed
dye degradation rate constants and the values of r-squared (%)
are listed in Table S2.f The value of 7* for pH 4 is 0.97731, that
for pH 7 is 0.97964 and that for pH 9 is 0.99563. All these values
are close to 1.

Finally, the study indicated that trimetallic oxide nano-
composites are promising candidates for photocatalytic appli-
cations and environmental protection due to their
nanostructure formation and perturbations of electronic energy
levels‘51,52,60762

30610 | RSC Adv, 2020, 10, 30603-30619

Anti-bacterial activity of the Ag-NiMn,0, nanocomposite

Nanocomposites are being thoroughly studied as potential anti-
bacterial agents. The anti-bacterial activity of a nanomaterial
varies with several factors, including size, morphology and
crystal growth behavior.®**

The pathogenic bacterial isolates were precultured in
nutrient broth media at 37 °C and shaken at 120 rpm overnight.
The mixed metal oxide nanocomposite samples were prepared
at concentrations of 1, 2 and 3 mg mL ™ '. Mueller-Hinton agar
nutrients were used for the subculture of the pure cultures of
the organisms. A well around 4 mm in depth was created on the
agar media. About 60 pL of solution was poured into each well
from the prepared nanocomposite solutions using a micropi-
pette, and gentamicin (GEN 10) was used as a control. The
plates were incubated at 37 °C for 24 h; then, the various levels
of zone inhibition were measured. Two separate sets of incu-
bation were performed, where one was carried out in the dark
and another one under visible light from a compact fluorescent
lamp (25 Watt, Transtec, Bangladesh).

The anti-bacterial activities of the mixed metal oxide nano-
composite, Ag-NiMn,0,, were tested against some pathogenic
bacteria, as shown in Fig. 10-12 and Table S3,} including Gram
positive (S. aureus, B. subtilis) and Gram negative bacteria (S.
marcescens, E. coli, K. pneumoniae, P. aeruginosa, and P. mir-
abilis) by the agar well diffusion method in the absence and
presence of visible light. The obtained results are shown in
Tables S4 and S5.t

For the clear zones of inhibition, the synthesized nano-
composite Ag-NiMn,0, has larger rings for all three concen-
trations than the GEN 10 standard, except for that of P.
mirabilis. This dominating performance can be seen for both
Gram positive and Gram negative bacteria. The effects of light
on the performance of the anti-bacterial activity of the synthe-
sized nanocomposite were also studied. The effects of light on
the anti-bacterial activity for E. coli are shown in Fig. 10. It was
found that in the absence of light, the Ag-NiMn,0O, nano-
composite (Fig. 11 and S101) showed anti-bacterial effects at all

This journal is © The Royal Society of Chemistry 2020
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three concentrations by killing both Gram positive and Gram
negative bacteria. In all cases, the activity rose as the concen-
tration increased. Similarly, in the presence of light (Fig. 12 and
S117), all three solutions of different concentrations showed
anti-bacterial activity to a higher degree. This may be because of
the excitation of the nanocomposite by light and the formation
of radicals such as reactive oxygen species (ROS), which induced
improvement of bacteria killing through the ROS mechanism.
This effectiveness of the composites may exert great mechanical
damage on the cell walls of bacteria.

Determination of MIC and MBC values of the Ag-NiMn,0,
nanocomposite against seven different bacteria

The minimum inhibitory concentration (MIC) is defined as the
lowest concentration of a compound that will completely

25 ™ pH4 .
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<
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Fig. 9 Natural logarithms of the absorbance of methyl violet 6b
plotted as a function of visible light irradiation time. The degradation of
MV dye at variable pH values by Ag-NiMn,O, (dosage: 0.4 g L™ in the
presence of catalyst at pH 4, pH 7, and pH 9.

This journal is © The Royal Society of Chemistry 2020

inhibit the visible growth of microorganisms after overnight
incubation. The minimum bactericidal concentration (MBC) is
the lowest concentration of an antibacterial agent required to
kill a bacterium under a certain set of conditions over a speci-
fied, quite prolonged period, such as 18 hours or 24 hours.

The MIC and MBC values of the Ag-NiMn,O, nano-
composites were analyzed using the microdilution method
according to the CLSI guidelines. The microorganisms used in
this study, including E. coli, K. pneumoniae, S. aureus, P. aeru-
ginosa, P. mirabilis, S. marcescens and B. subtilis, were grown in
nutrient broth (0.5% NaCl, 0.5% peptone, 0.15% beef extract,
0.15% yeast extract; pH 7) for overnight at 37 °C in a shaker
incubator (120 rpm). For the MIC test, 100 pL of the synthesized
Ag-NiMn,0, stock solution (1 pg pL ') was added and diluted
two-fold with the nutrient broth (NB) from column 2 to column
11. Column 1 served as a positive control (medium and bacterial
inoculums) and column 12 served as a negative control (only
medium). 2 pL of bacterial suspension was added to the
respective wells containing Ag-NiMn,O, solution according to
McFarland standard 0.5 and incubated at 37 °C for 24 h. After
24 h of incubation, 20 pL of presto blue was added to each well,
and the cells were further incubated at 37 °C for 2-4 h. A change
from blue to pink indicates the reduction of resazurin and
hence bacterial growth. Therefore, MIC was defined as the
lowest concentration of the Ag-NiMn,0, solution that pre-
vented this change in color. A change in color of the growth
control well to pink indicated the proper growth of the isolate,
and the lack of change in color of the sterile control well indi-
cated the absence of contaminants.

The MBC test was carried out by plating a suspension from
each well of the microtiter plate onto Mueller-Hinton agar
(MHA) plates. The plates were incubated at 37 °C for 24 h. The
lowest concentration with no visible growth on the MHA plate
was taken as the MBC value.

Fig. 13 shows the MIC and MBC values of Ag-NiMn,O,
nanocomposite against seven different Gram positive and
Gram negative bacteria. The MIC is the lowest concentration

RSC Adv, 2020, 10, 30603-30619 | 30611
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Fig. 10 Effects of light on the anti-bacterial activity of Ag-NiMn,O,4 against E. coli bacteria; arrows of the same color have the same length in

both images (the center point is the GEN 10 standard).

of the anti-bacterial agent to inhibit the growth of bacteria. As
shown in Table 3, the MIC values of Ag-NiMn,0O, against the
multidrug-resistant (MDR) pathogens ranged from 0.008 to
0.65 pg UL~ . E. coli, K. pneumoniae, and P. aeruginosa showed
MIC values of 0.016 pg uL~ ", while S. aureus showed a 2 times
higher MIC (0.032 pg pL~") than these three pathogens. P.
mirabilis showed a maximum MIC of 0.65 ug uL . S. marces-
cens and B. subtilis showed similar MICs of 0.008 pg uL %,
which were the lowest MICs in this study. The MBC is the
lowest concentration of antibacterial agent needed to kill
bacteria (no growth on the agar plate). In the study, the MBC
for P. mirabilis was a maximum of 0.13 pg puL ™', while the
lowest MBCs were found in the cases of S. marcescens and B.
subtilis (0.0016 pg pL ). E. coli, K. pneumoniae, and P. aeru-
ginosa showed similar MBC values of 0.032 pg pL ™", while 8.
aureus showed a MBC of 0.065 pug uL ™.

In summary, the self-assembled nanostructured material,
Ag-NiMn,0,, is expected to be applied as an efficient anti-
bacterial agent against MDR bacteria as well as an industrial
sterilization system.>"*-%>

Electrochemical analysis of the Ag-NiMn,0, nanomaterials/
binder/GCE

Fabrication of GCE with Ag-NiMn,0, nanomaterials using
Nafion. The electrochemical response of the desired sensor is
dependent on the precision of the fabrication of GCE with the
Ag-NiMn,0, nanomaterial, and attention must be paid to the
modification process of GCE. A slurry of the Ag-NiMn,O,
nanomaterial in ethanol was prepared and deposited on the flat
cross-section of GCE, which was maintained in the ambient
conditions of the laboratory to dry it completely. Appropriate
stability of a working electrode is necessary for it to perform for
a long period in phosphate buffer medium. Thus, the stability
of the thin film of the Ag-NiMn,0, nanomaterial on GCE was
enhanced by the addition of a drop of Nafion, which is
commercially available as a 5% suspension in ethanol. After-
ward, the GCE modified with the Ag-NiMn,0, nanomaterial
was placed inside an oven at 35 °C for an hour to dry it
completely. The desired electrochemical sensor was assembled
by the connection in series of the modified GCE and a Pt wire
with a Keithley electrometer. After that, analytical grade m-THyd
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Fig. 13 Determination of the MIC and MBC values for the Ag-NiMn,O, nanocomposite against some pathogenic bacteria: E. coli, K. pneu-
moniae, S. aureus, P. aeruginosa, P. mirabilis, S. marcescens, and B. subtilis.

was used to form a series of solutions in deionized water with
concentrations ranging from 0.1 nM to 0.1 mM and applied as
the targeted analyte for the recently assembled electrochemical
sensor. Through the electrochemical analysis, the buffer solu-
tion in the detecting beaker was taken as 10.0 mL as a constant.
This sensor was based on a two-electrode (working and counter
electrodes) system.

The electrochemical sensor based on Ag-NiMn,O,
nanomaterial/binder/GCE was prepared using a Keithley elec-
trometer. The synthesized Ag-NiMn,O, nanocomposite was
deposited on GCE as a uniform layer of thin-film using
a conductive Nafion binder. Because Nafion is a conductive co-
polymer, it improved both the stability of the sensor and the
electron transfer rate of the working electrode. A similar
observation was reported for electrochemical analysis in
a previous study.®**® The proposed electrochemical sensor was
applied to detect m-THyd in phosphate buffer medium with pH

This journal is © The Royal Society of Chemistry 2020

7.0. To the best of our knowledge, the Ag-NiMn,0O, nano-
material was applied for the first time as a sensing element to
detect m-THyd; other reports are not available. During the
electrochemical analysis of m-THyd, the observed current was
measured on the surface of the thin film of Ag-NiMn,O,

Table 3 MIC and MBC values of the Ag-NiMn,O4 nanocomposite
against MDR superbugs

Isolate MIC (pg uL %) MBC (ug pL ™)
E. coli 0.016 0.032
K. pneumoniae 0.016 0.032
S. aureus 0.032 0.065
P. aeruginosa 0.016 0.032
P. mirabilis 0.065 0.130
S. marcescens 0.008 0.016
B. subtilis 0.008 0.016

RSC Adv, 2020, 10, 30603-30619 | 30613
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nanomaterial/binder/GCE, and the holding period in the elec-
trometer was set as 1.0 s. At the beginning of the electro-
chemical investigation, several chemicals known as
environmental toxins were analyzed to evaluate the selectivity
towards the assembled electrochemical sensor. Fig. 14(a) pres-
ents the electrochemical responses of m-THyd, 1,2-DAB, PHyd,
2,4-DNP, CB, 1,2-DCB, salicylaldehyde, 1,4-dioxane, and zim-
taldehyde. These analyses were executed using 0.1 uM of each
toxic chemical and a potential range of 0 to +1.5 V in phosphate
buffer medium with pH 7.0. Obviously, the toxic m-THyd was
found to be the most highly responsive chemical among all the
toxins, as demonstrated in Fig. 14(a). Therefore, considering its
highest I-V response, m-THyd was considered as a selective
toxin for the assembled sensor based on Ag-NiMn,O,
nanomaterial/binder/GCE. After that, the m-THyd sensor was
applied to analyze a series of m-THyd solutions based on the
concentration range from 0.1 nM to 0.1 mM, as illustrated in
Fig. 14(b). As shown in Fig. 14(b), the electrochemical responses
are clearly distinguishable from lower to higher concentrations
of m-THyd. Similar observed oxidation reactions to detect
various toxins were described in our previous reports.®”-* Then,

View Article Online

Paper

the calibration of the m-THyd sensor, as shown in Fig. 14(c), was
established from the relationship of current vs. concentration of
m-THyd. The current data for this calibration was isolated from
Fig. 14(b) at a potential of +1.5 V. As shown in Fig. 14(c), the
current data are regularly scattered in a linear manner from
concentrations of 1.0 pM to 0.01 mM, and this range of
concentration is defined as the linear dynamic range (LDR).
This range of concentration (LDR) is wider. The slope of the
calibration curve in the LDR was used to calculate the sensitivity
of the proposed m-THyd sensor based on Ag-NiMn,O,
nanomaterial/binder/GCE, and it was found to be 47.2753 pA
uM~' em™2. Obviously, this sensitivity is appreciable. The
detection limit (DL) of the m-THyd sensor was estimated from
the signal-to-noise ratio of 3, and the obtained value was equal
to 0.97 &+ 0.05 pM; this is a considerably low limit of detection.
Fig. 14(d) shows the current vs. log(conc.) plot with R* of 0.9943.

To estimate the reliability of the sensor performance, various
tests were executed, as illustrated in Fig. 15. As shown in
Fig. 15(a), the electrochemical responses for the coated and bare
GCE with m-THyd at 0.1 uM concentration are illustrated at
applied potentials of 0 to +1.5 V in phosphate buffer medium of
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Fig. 14 The electrochemical investigation of the sensor based on Ag-NiMn,O,4 nanomaterial/binder/GCE. (a) The electrochemical analysis of
toxic chemicals to measure the selectivity. (b) The electrochemical responses of the proposed sensor with the variation of m-THyd, (c) the

calibration of the sensor and (d) the current vs. log(conc.).
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pH 7.0. Obviously, the GCE coated with the Ag-NiMn,0,
nanomaterial showed the maximum electrochemical response.
Thus, this test provides the information that the synthesized
Ag-NiMn,0,4 nanomaterial has high electrochemical activity in
phosphate buffer medium. The response time of an electro-
chemical sensor is a vital characteristic, and it is defined as the
time required by the sensor to execute a complete steady-state
electrochemical response. From Fig. 15(b), it can be seen that
the proposed m-THyd sensor exhibited an appreciable response
time of around 20.0 s. This test was performed with 0.1 uM m-
THyd in phosphate buffer medium of pH 7.0.

The reproducibility of an electrochemical sensor is another
important precision measuring criterion, and this test was
performed with 0.1 uM m-THyd in potentials ranging from 0 to
+1.5 V in phosphate buffer, as illustrated in Fig. 15(c). As is
apparent in Fig. 15(c), the seven runs are completely

View Article Online
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undistinguishable and replicated, and the intensity of this
reproducible I-V response did not change even after washing
the working electrode after each run under identical conditions.
Therefore, the outcome of this reproducibility test confirmed
the reliability of the electrode for the electrochemical analysis of
real samples. The precision of the current data at a potential of
+1.5 V of the reproducibility test was found to be 1.32% in terms
of the relative standard deviation, which demonstrates the high
precision of the reproducibility performance. The stability of
the sensor during electrochemical analysis was prepared for
considerable duration. To evaluate this performance, the
proposed electrochemical sensor was applied to analyze m-
THyd under similar conditions as in the reproducibility test for
an extended period of around seven days, as demonstrated in
Fig. 15(d). Analogous results to the reproducibility test were
perceived. Therefore, it can be concluded that the projected m-
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Fig. 15 Reliability performance test for the m-THyd sensor with Ag-NiMn,O,4 nanomaterial/binder/GCE. (a) The electrochemical responses of
the assembled sensor to 0.1 uM m-THyd for coated and bare GCE, (b) the response time of the m-THyd sensor, (c) the reproducibility

performance, and (d) the long-time performance test.
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Table 4 Analysis of real environmental samples using the Ag-NiMn,O4 nanomaterial/GCE chemical sensor by the recovery method

Measured m-THyd conc.” by
Ag-NiMn,0, nanomaterial/binder/

GCE (uM)
Added m-THyd
Sample conc. (uM) R1 R2 R3 Average recovery” (%) RSD‘ (%) (n = 3)
Industrial effluent 0.0100 0.00992 0.00993 0.00984 98.97 0.50
PC baby bottle 0.0100 0.00969 0.00968 0.00963 96.57 0.33
PC water bottle 0.01000 0.00969 0.00955 0.00953 95.90 0.91
PVC food packaging bag 0.01000 0.00979 0.00981 0.00974 97.80 0.37

“Mean of three repeated determinations (signal-to-noise ratio: 3) of Ag-NiMn,O, nanomaterial/binder/GCE. ° Concentration of m-THyd
determined/concentration taken (unit: nM). “ The relative standard deviation values indicate precision among three repeated measurements

(R1, R2, R3).

THyd has enough stability in phosphate buffer for electro-
chemical analysis of the analyte (m-THyd). In summary, the
proposed m-THyd chemical sensor exhibited good perfor-
mance, such as appreciable sensitivity, wider LDR, lower DL,
short response time, good reproducibility, stability for long
duration and, above all, reliability in the analysis of real
samples.

Analysis of real samples by the recovery method

The end application of an electrochemical sensor should be the
detection of real samples collected from various environmental
sources.**5>%2 Therefore, the assembled sensor based on
Ag-NiMn,0, nanomaterial/binder/GCE was applied to analyze
a number of samples obtained from various environmental
sources, such as a PC baby bottle, PC water bottle, industrial
waste effluent, and PVC food packaging bag; the resulting data
obtained by applying the recovery method are summarized in
Table 4. As illustrated in Table 4, the data were deemed to be
quite acceptable.

Conclusions

A Ag-NiMn,0, nanocomposite has been successfully synthe-
sized and characterized. The structure was predicted by XRD.
SEM, EDS, EDS-mapping and AFM studies of the nano-
composite were performed to determine its surface and
morphological aspects. PL studies of the trimetallic nano-
composite Ag-NiMn,0, as well as of its three single metal
oxides (Ag,O, NiO, and MnO) were performed. This nano-
composite showed photocatalytic dye degradation in both
acidic and basic media. At pH 4, the efficiency was 91%, at pH 9,
the efficiency was 77%, and in the presence of a catalytic
amount of H,0,, the efficiency was 95%. However, in neutral
buffer solution at pH 7, the efficiency was found to be 50%. This
dye degradation capability in a wide pH range is rare and may
be effective in real-world applications. The synthesized
Ag-NiMn,0, nanocomposite was also tested against some
pathogenic bacteria, including both Gram positive (S. aureus, B.
subtilis) and Gram negative bacteria (S. marcescens, E. coli, K.
pneumoniae, P. aeruginosa, P. mirabilis) by the agar well diffu-
sion method in the absence and presence of visible light. Apart

30616 | RSC Adv, 2020, 10, 30603-30619

from P. mirabilis, the Ag-NiMn,O, nanocomposite showed
higher activity against these bacteria compared to the standard
antibiotic agent gentamicin. In all cases, the effectiveness was
higher in the presence of light. This may be because of the
excitation of the Ag-NiMn,0, nanocomposite by light and the
formation of the ROS in solution, which improved the effec-
tiveness of bacteria killing through the ROS mechanism. A
selective chemical sensor based on Ag-NiMn,O, nanomaterial/
binder/GCE was developed for analyzing m-THyd in phosphate
buffer medium by an electrochemical approach. The assembled
Ag-NiMn,0, nanomaterial/binder/GCE as an m-THyd sensor
showed considerable performance in terms of sensitivity, DL,
LDR, response time, reproducibility, and long-term stability in
phosphate buffer medium. It was utilized to detect m-THyd in
real environmental samples by an electrochemical technique.
Therefore, this method introduces a new route to develop
selective chemical sensors using ternary doped nanomaterials
for safety in the environmental and healthcare fields.
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