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Abstract: In this paper, silver-doped zinc oxide nanoparticles were synthesized by using a solution
combustion technique, in which zinc nitrate is used as an oxidizer and tartaric acid as a fuel. The phase
composition, morphology and structural properties of the as-synthesized zinc oxide and silver-doped
zinc oxide were established by using powdered X-ray diffraction, field emission scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy
studies. Due to well-defined morphologies and crystallinity, the pure zinc oxide and silver-doped zinc
oxide nanostructures can be used as efficient chemical sensors for the detection of p-nitrophenol (PNP).
ZnO was found to show a low value of the limit of detection (LOD), i.e., 2.175 uM/L, for p-nitrophenol
sensing; moreover, a sharp decrease in the limit of detection was observed with an increase in the
concentration of silver ions, and the LOD value decreased to 0.669 uM/L for 10 mol % silver-doped
zinc oxide. It is therefore concluded that Ag-doped ZnO shows a lower limit of detection as compared
to pure ZnO for p-nitrophenol sensing.

Keywords: Ag-doped ZnO; solution combustion; luminescence; p-nitrophenol sensing

1. Introduction

Rapid industrialization and various anthropogenic activities have led to the discharge of various
types of toxic chemicals, which contaminate the environment and adversely affect the ecosystem.
Among various toxic chemicals, the nitrophenols and organic dyes are the most emerging environmental
pollutants. In particular, p-nitrophenol (PNP) is commercially very useful and finds application in
various fields such as use as an intermediate in the synthesis of paracetamol and an important base
material for the synthesis of commonly used pesticides such as acetophenetidine; it also plays an
important role in the leather industry, etc. [1-3]. The release of PNP into the environment takes place
through a number of ways, such as release as a side product of many pharmaceutical industries,
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the disintegration of other pesticides and the transformation of phenol into nitrophenol molecules.
PNP is very stable in the environment under normal conditions and is a highly toxic chemical
that leads to bioaccumulation as well as cytotoxic/carcinogenic effects on living organisms [4,5];
due to all these reasons, the United States Environmental Protection Agency (USEPA) has considered
PNP as a priority contaminant [6]. PNP is considered as the root cause of different problems such
as irritation and inflammation in the eyes and nose, respiratory tract disorders, cardiac disorders,
hematological problems, digestive problems, musculoskeletal issues, renal disease, and dermal/ocular
problems in living organisms. It easily reacts with blood and leads to the formation of methemoglobin,
which is mainly responsible for cyanosis confusion and unconsciousness [5,7]. Different environmental
organizations such as the Brazilian Environmental Council, USEPA and European Commission have
declared 100, 60 and 0.1 ppb of PNP as maximum permitted limits [5,7], respectively. Therefore,
the detection of PNP at trace levels is required.

Hence, it is the need of the hour to design a highly reliable and robust chemical sensor for
the rapid detection of PNP. Several methods are reported in the literature for the effective and
selective determination of PNP such as gas chromatography, high-performance liquid chromatography
(HPLC), spectrophotometry, fluorescence, electrophoresis/capillary electrophoresis etc. [8-12].
However, expensive columns and a lot of reagents are required in HPLC and electrophoresis,
aqueous samples cannot be used directly in gas chromatography, and interference is a major
problem in spectrophotometric and fluorometric methods. In other words, all these techniques are
either very expensive or time consuming or suffer from some other problems. Therefore, there is a need
to develop a simple, cost-effective and quick technique that can effectively monitor the presence of
PNP in a sample. Recently, several attempts have been made to synthesize a PNP sensor using various
metal oxide nanomaterials such as copper oxide nanoparticles [13], a reduced graphene oxide/Au
nanoparticle composite [14], a gold-ZnO-5iO, nanostructure [15], a CeO,/ZnO nano-composite [16],
Ag doped Nd,O3 nanoparticles [17] and CeO,-ZnO nanoellipsoids [18].

Among the various transition metal oxides, zinc oxide is a very versatile, multifunctional
semiconductor with a direct band gap of 3.37 eV. Zinc oxide is preferred over other metal oxide
nanomaterials because it has a high exciton binding energy (60 meV), high catalytic efficiency,
high-electron communication property, and cost-effective environmental sustainability [19-24].
Moreover, it has been observed that we can alter the properties of ZnO nanostructures for desired
applications by manipulating the shape, grain size and morphology. However, the doping of ZnO
nanostructures with transition metals, such as Mn, Ga, Fe, In, Co, Mg, Al, Sb, Sn, Ag, etc., has been
found to deliver better control over the band gap [24-26]. Among the various transition metals,
Ag ions have become the interest of many research groups [27,28], because of their suitable band gap,
as they reduces the electron hole recombination and hence result in improvement in the photocatalytic
properties, as well as proving to be an effective sensor material for toxic chemicals [29].

In this paper, we report the solution combustion synthesis of silver-doped zinc oxide nanostructures,
AgyZn;_,O (x =0, 0.01, 0.05 and 0.10). The solution combustion synthesis route was utilized in the
present paper for the production of nanostructure materials in a single step, a time- and energy-saving
process [30-32]. As-synthesized AgyxZn;_4O nanostructures were utilized for the formation of a
highly sensitive luminescence sensor for the detection of PNP in an aqueous medium. The limit of
detection (LOD) for PNP was calculated for ZnO as well as Ag-doped ZnO samples, by using the
Stern—Volmer equation.
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2. Experimental

2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs3),-6H,0O), tartaric acid (C4HgOg), silver nitrate (AgNOs3) and
p-nitrophenol (CgH5NO3) (PNP) were all of analytical grade and obtained from Merck, Germany and
these chemicals were directly used as received without further purification. Deionized (DI) water
obtained from a Millipore Elix system was used for all the experiments.

2.2. Synthesis of ZnO Nanoparticles

Pure ZnO nanostructures were synthesized from zinc nitrate hexahydrate (oxidizer) and tartaric
acid (fuel) using a typical reaction procedure of solution combustion by optimizing the stoichiometric
ratio (¢ = 1). In the synthesis process, 4.0 g of Zn(NO3),-6H,O and 2.0 g of C4H¢Og were dissolved
in 50 mL of deionized water, separately. Then, the tartaric acid solution was added drop-wise to the
Zn(NOj3),-6H,O solution with continuous stirring at room temperature. The resultant solution was
thoroughly stirred at room temperature for 30 min, and the resulting solution was heated till the
evaporation of the excess water content to obtain the gel-like materials. The resulting gel-like material
was transferred into a muffle furnace in a silicate crucible at 500 °C for 1 h. In the muffle furnace,
tartaric acid (fuel) and zinc nitrate hexahydrate (oxidizer) were combusted for the formation of the
crystalline ZnO nanostructures, at high temperature. The synthesized nanostructures were further
washed with distilled water followed by ethanol, and finally, the precipitates were dried in an oven at
60 °C.

2.3. Synthesis of Ag-Doped ZnO Nanostructures

The same procedure was adopted for the synthesis of Ag-doped ZnO by taking an appropriate
amount of AgNOs;. For the synthesis of 1%, 5% and 10% Ag-doped ZnO, 0.022, 0.114 and 0.228 g
of AgNOj; dissolved in 50 mL of water was added, respectively; after that, the same procedure was
adopted as in Section 2.2.

2.4. Characterization

The synthesis of the nanostructures was confirmed by characterizing them for their morphological,
structural and optical properties. The morphological investigation was carried out by using field
emission scanning electron microscopy (SEM) with a FEI Quanta 200 FEG (Pittsburgh, PA, USA)
with the energy dispersive X-ray spectrometer Bruker XFlash 4030 (EDS), while the structural
characterization was performed using X-ray diffractometer (D8 Discover, Bruker AXS, Karlsruhe,
Germany). The optical properties of the as-synthesized nanostructures were examined at room
temperature by using UV-visible spectroscopy (AvaSpec-2048). The XPS study of the ZnO powder
and Ag-doped ZnO powder was carried out by employing X-ray energy dispersion spectrometer
(Bruker XFlash 4030, Karlsruhe, Germany). The sensing properties of the pure ZnO and Ag-doped ZnO
nanostructures were recorded using room-temperature photoluminescence spectra (Perkin Elmer-L.555
fluorescence spectrophotometer, Waltham, MA, USA).

2.5. Luminescent Sensor Evaluation of ZnO and Ag-ZnO Nanoparticles

The Perkin Elmer LS55 fluorescence spectrophotometer was used at room temperature to determine
the sensing properties of the pure ZnO and Ag-ZnO nanostructure. In this investigation, the pure ZnO
and Ag-ZnO nanostructures were utilized to fabricate the luminescent sensor interface for the sensing
of PNP. The obtained ZnO and Ag-ZnO nanostructures were dispersed in DI water (1.5 mg in 50 mL of
H,0), and a 5 mM stock solution of PNP was also prepared for the entire experiment. All the solutions
were prepared 30 min before performing the experiments. The sensing experiments were performed at
different concentrations of PNP in the range of 0.833-9.980 uM.
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3. Results and Discussion

3.1. FESEM of AgxZn;_, O Nanostructure

The surface morphology and variation in the particle size were studied by using high-resolution
FESEM. Typical low and high magnification FESEM images of the pure ZnO, 1% Ag-ZnQO, 5% Ag-ZnO
and 10% Ag-ZnO nanostructures are shown in Figure 1a-h. A careful observation of Figure 1 reveals
that the as-synthesized nanostructures were uniformly grown at very high density. It was also observed
that the structure of ZnO did not show any deviation with the doping of silver ions and remained
uniform even at a high concentration of silver ions (10% Ag ions).

Figure 1. Low and high-magnification FESEM micrographs of pure ZnO (a,b) and 1% (c,d), 5% (e,f)
and 10% (g,h) Ag-doped ZnO nanostructures.
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3.2. PXRD

Figure 2a represents the XRD spectra of the pure ZnO and Ag-ZnO nanostructures, which were
recorded in the range of 20-80°. The XRD spectra show that pure ZnO has characteristic diffraction
peaks attributed to the crystalline nature of ZnO. A clear peak of silver ions was also observed for the
Ag-7Zn0O composite, confirming the doping of Ag into ZnO. The intensity of the peak also revealed that
there is a slight intensity increase with an increasing concentration of silver ions.

The data were found to be in reasonable agreement with the Joint Committee on Powder
Diffraction Standards (JCPDS) card for ZnO (JCPDS 036-1451) [33]. In Figure 2a, the strongest dhkl
values resemble the 20 values of 31.74°, 34.42°, 36.26°, 47.66°, 56.70°, 63.07°, 66.42°, 67.92°, 69.10°,
72.45° and 77.31° for (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202), respectively,
which confirms the presence of the wurtzite hexagonal phase of ZnO. However, in the silver-doped
zinc oxide sample, in addition to the ZnO reflections, the characteristic peaks (111), (200) and (220)
corresponding to Ag ions appeared at 26 of 38.29°, 44.28° and 62.93°, respectively. From Figure 2a,
it can be observed that as the concentration of Ag increases, the intensity of the Ag ion peaks becomes
more predominant. The XRD spectra clearly indicate that only ZnO and Ag ions are present; no other
peak is found corresponding to any other impurity atom such as Zn and Ag,O. This simply reveals
that the as-synthesized nanostructures are crystalline and pure up to the detection limit of XRD.

Furthermore, a close comparison of the peaks (100), (002) and (101) is shown in Figure 2b,
which clearly reveals that up to the studied concentration of silver ions (10% Ag), no deformation in the
structure is observed. The crystallite size was calculated using the XRD peak with the Debye-Scherrer

formula, which is given as:
kA

B BCos 0

where k is the structural constant, A is the wavelength of the X-ray, D is the size of the nanoparticle
and g is the full width at half maximum. Using Equation (1), the crystallite particle sizes were
determined to be 39, 32, 26 and 21 nm, respectively, for the pure ZnO and 1%, 5% and 10% Ag-doped
ZnO nanostructures.

)

(a) (b}
10% Ag-ZnO 250 —Zn0
—10% Ag-Zn0
e B A 200
5% Ag-ZnO -
3
§ 150
| O T v | k-
1% Ag-ZnO [
o 1od
£
ZnO sd
I I A L,_A_Jﬁ\__,__ K| 2 7 K]
20 30 40 50 60 70 80 29[de ree)
20 (degree) 9

Figure 2. (a) XRD pattern of AgxZn;_,O nanostructure and (b) comparison of (100), (002) and (101)
peaks from the XRD pattern of pure ZnO and 10% Ag-ZnO nanostructures.
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3.3. EDS

The composition and purity of the as-synthesized ZnO and Ag-ZnO nanostructures were
investigated by using EDS. The EDS data are provided as supplementary data (Figures S1-54),
which confirmed that the nanoparticles were made of zinc, oxygen and silver atoms only.

3.4. UV-Visible

The optical properties of the AgyZn;_,O (x = 0, 0.01, 0.05 and 0.10) nanostructures were studied
by using UV-visible (UV-Vis) spectroscopy. The results indicate that the maximum absorption peaks
are at 375, 379, 382 and 385 nm (Figure 3) for the pure ZnO, 1% Ag-ZnO, 5% Ag-ZnO and 10% Ag-ZnO
nanostructures, respectively, corresponding to wurtzite hexagonal phase bulk ZnO [29]. The red shift
due to the presence of Ag ions observed in the absorption maxima is attributed to the decrease in
the band gap energy with an increase in the concentration of Ag ions. No other absorption peak was
detected corresponding to impurities, which confirms that the synthesized Ag/ZnO nanostructures
possess good optical properties.

2.0
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154 ——10% Ag- ZnO
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©
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[
o
n
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<  05-
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Figure 3. UV-Vis spectrum of pure ZnO, 1% Ag-ZnO, 5% Ag-ZnO and 10% Ag-ZnO nanostructures.
3.5. XPS

The XPS survey spectra for the ZnO and Ag-doped ZnO samples are presented in Figure 4.
From the spectra, one can see that the main elements on the surface of the samples are zinc, oxygen,
carbon and silver. It can be noted that the silver Ag 3d peak appears only for the Ag-doped ZnO
samples. A low-intensity carbon C 1s peak at 285 eV is present, most likely due to atmospheric
contaminants adsorbed on the surface of the sample. High-resolution spectra were acquired in the
O 1s, Zn 2p and Ag 3d regions for obtaining the atomic concentrations (Table 1) and possible chemical
bond identification. The data in Table 1 were determined by calculating the appropriate peak area after
Shirley background subtraction. The zinc high-resolution XPS spectra in the Zn 2p region (Figure 5)
for the ZnO and Ag-doped ZnO samples show two peaks due to spin-orbit splitting: Zn 2p3, and Zn
2p1/2. The position of the Zn 2p3), peak at approximately 1021.7 eV is assigned to the ZnO bond since
it is in good agreement with the known peak values and shape for ZnO (1021.7 eV) [34,35].
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Figure 4. XPS survey spectra of (a) ZnO and (b) 10% Ag-ZnO powder samples.

Table 1. Atomic concentrations calculated from the XPS measurements.

Atomic Concentrations (%)

Element
ZnO 1% Ag-ZnO 5% Ag-ZnO 10% Ag-ZnO
Zn2p 17.06 13.7 23.7 12.56
O1s 28.09 26.35 31.01 26.04
Cls 54.85 59.62 43.49 59.35
Ag3d 0 0.33 1.8 2.05
Zn 2p Zn 2ps);
i
a2 Zn 2p,;
=
=
[
=
2
=

1045 1035 1025 1015
Binding Energy, eV

Figure 5. High-resolution XPS spectra in Zn 2p region for (a) ZnO and (b) 10% Ag-ZnO powder samples.

The deconvolution of the O 1s spectra (Figure 6b) showed a negligible shift (less than 0.1 eV) of the
main peak (ZnO) position (530.4 eV) due to the incorporation of 10% Ag. The main difference between
the two spectra is in the left side of the spectra. Namely, the peaks at 531.8 eV (oxygen-deficient regions
within the matrix of ZnO, green curve) and 532.5 eV (C-O bonds and chemisorbed atmospheric oxygen
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species, blue curve) are more intense for the 10% Ag sample. This variation of intensity could arise
due to different amounts of adsorbed atmospheric contaminants on the sample surface. The highest
binding energy peak at 532.5 eV is usually assigned to C-O bonds and chemisorbed atmospheric
oxygen species [34-36]. Both peaks (531.8 and 532.5 eV) are more intense for the 10% Ag-doped sample
(Figure 6b). This increase in intensity could arise due to different amounts of adsorbed atmospheric
contaminants on the sample surface. The lower intensity peak positioned at 531.8 eV corresponds
to the known values of binding energy for O?~ ions in oxygen-deficient regions within the matrix
of ZnO [37] or O-C=0/C=0 species bonds from adsorbed atmospheric contaminants [38]. In the
Ag 3d spectra (Figure 7), two peaks were detected, fitted using a sum of Lorentzian-Gaussian (80:20)
functions, with an asymmetric peak shape at positions 386.2 and 374.2 eV on the binding energy scale.
The deconvoluted Ag 3d spectra for the 1% Ag-ZnO powder sample is shown in the supplementary
data (Figure S5). These peak positions are in good agreement with the well-known spin-orbit split
energy values [39] of Ag 3ds;, and Ag 3d3/; doublet peaks for Ag’. The position and shape of these
peaks indicate the presence of metallic silver in Ag-doped ZnO powder samples.

01s
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Figure 6. Deconvoluted high-resolution XPS spectra in O 1s region for (a) ZnO and (b) 10% Ag-ZnO
powder samples.

|Ag 3d Ag 3ds,,

Intensity, cps

3178 373 368 363
Binding Energy, eV

Figure 7. High-resolution XPS spectra for (a) 1% Ag-ZnO powder sample and (b) deconvoluted spectra
for 10% sample.
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3.6. Ag-ZnO Nanoparticles as Fluorescent Sensor for p-Nitrophenol

The stability of the synthesized Ag-doped ZnO nanostructures was studied by using a fluorescence
spectrophotometer, and there was no change in the intensity and position of the peak, even after a time
of 15 days. The reproducibility values of the fluorescence measurements were estimated to be +0.1%.
The as-synthesized AgyZn;_,O (x =0, 0.01, 0.05 and 0.10) samples were studied for the fluorescence
sensing of p-nitrophenol (PNP). Before conducting the sensing experiments, photoluminescence
(PL) spectra of pure ZnO and Ag-doped ZnO nanostructures were recorded at various excitation
wavelengths in the range 330-410 nm with a regular gap of 10 nm in order to find out the excitation
maxima for the nanostructures. In the PNP concentration-dependent studies, the concentration of PNP
was changed gradually, while the concentrations of the nanostructures were kept constant (1.5 mg in
50 mL). The response of the PL quenching for ZnO and Ag-doped ZnO is illustrated in Figure 8.
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Figure 8. It was observed that the photoluminescence (PL) intensity of the pure ZnO and Ag-doped ZnO
nanostructures decreases with an increase in the concentration of p-nitrophenol (PNP), which clearly
indicates the binding of PNP to the surface of nanostructures.

The Stern and Volmer equation [40] initially deal with the kinetics analysis of fluorescence
quenching, which has promising applications for investigating bimolecular interactions in the electronic
excited state. The analysis of the fluorescence quenching processes was performed by using the

Stern—Volmer equation [40]:

% = KalQ]+1 @

where I, is the intensity before and after the addition of PNP, while I correspond to the intensity after
the addition of PNP. Ky, and [Q] are the Stern—Volmer quenching constant and the concentration of
the quencher, respectively. Figure 9 shows the variation of (I,;I)-1 vs. The concentration of the PNP
quencher. In pure ZnO as well as Ag-doped ZnO, it was observed that the Stern—Volmer plots show
exponential behavior (linear as well as non-linear) over the entire concentration range of PNP studied.
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Linear behavior was observed upon increasing the concentration up to a certain level, implying the
dominance of the static quenching over the dynamic quenching process; however, a further increase
in concentration resulted in an exponential increase, which suggests that there exist both types of
quenching, i.e., a combination of static and dynamic quenching by the same quencher [40].
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Figure 9. Stern-Volmer plots of AgyZn;_4O nanostructure with increasing concentration
of p-nitrophenol.

To resolve this ambiguity, on account of the non-linear response of the intensity ratio to the
concentration of the analyte, a modified Stern—Volmer equation has been suggested [37,41]:
Iy

7= Ke[QeVId +1 ®3)

Equation (3) can further be simplified as follows:

L-1
2 = KalQ) @

IeV

where V is the static quenching constant and is obtained from Equation (4) by plotting Ifj/—_[é] vs. [Q]
and by varying V till a linear response is obtained as shown in Figure.

Figure 10a—d show a linear fit of the plot If:t‘)/_[é] versus PNP concentration, with regression
coefficients of 0.952, 0.963, 0.975 and 0.994 for the pure ZnO and 1%, 5% and 10% Ag-doped ZnO
nanostructures, respectively. The value of V fits to 0.31 with a Kgy of 7.33 X 10° M1 in the case of
pure ZnO, while V fits to 0.30, 0.25 and 0.42 with Ksy of 1.31 x 10, 8.093 x 10° and 5.24 x 10° M~}
for the 1%, 5% and 10% Ag-doped ZnO nanostructures, respectively. The limits of detection (LODs),

calculated following the 30 IUPAC criteria, were found to be 2.17, 1.60, 1.18 and 0.66 uM for the pure
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Zn0O and 1%, 5% and 10% Ag-doped ZnO nanostructures, respectively, which clearly indicates that the
presence of Ag improved the LOD for a luminescent sensor for PNP. The sensing mechanism has been
shown in Scheme 1. The PL quenching of Ag-doped ZnO can be attributed to the analytes binding
on the surface of nanostructure, which traps the excited electron-by-electron transfer mechanism [42].
The LOD for PNP calculated for various samples of ZnO as well as Ag-doped ZnO is also compared
with the literature (Table 2).

Table 2. Comparison of limits of detection (LODs) between synthesized Ag-ZnO nanostructures and
various reported chemical sensors for PNP.

Material LOD (uM) Technique Ref.
CeO,/ZnO 3.05 Photoluminescence [16]
Nano gold/glassy carbon electrode 8.0 Amperometric [43]
NiO/CeO, nanocomposite 248 Amperometric [44]
GO/screen printed electrode 0.9918 Amperometric [45]
Manganese oxide nanoparticles 15.65 Amperometric [46]
Zinc oxide 2.17 Luminescence Present Work
1% Ag-ZnO 1.60 Luminescence Present Work
5% Ag-ZnO 1.18 Luminescence Present Work
10% Ag-ZnO 0.66 Luminescence Present Work
Zno (a) 124 1% Ag-ZnO , ()
10
g
g
- 6
&
=
=
_e
-~ 3
04
0 3 5 5 o0 26  s2 78
conc (u M) . conc (M
6
5% Ag-ZnO (c) 10% Ag-ZnO (d)
54 54 »
4- o 4
— (=4
2 =
- 34 v 34 <
o =
=
(=N ﬁu; 2 4
) =
e ] i 1 a
0 0+
-1 T T T T -1 T T T T
00 W 18 72 0.0 2.9 5.8 8.7
conc (M) conc (pn M)

Figure 10. Modified Stern—Volmer plots of (a) ZnO, (b) 1% Ag-ZnO, (c) 5% Ag-ZnO and (d) 10% Ag
doped ZnO nanostructures.
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Scheme 1. Proposed mechanism for the photoluminescence sensing of PNP.

4. Conclusions

In summary, we successfully synthesized ZnO and Ag-doped ZnO nanostructures via a solution
combustion process. The synthesized ZnO and Ag-ZnO nanostructures were characterized by using
various characterization techniques, which revealed the large-scale synthesis of well-crystalline
nanostructures and successful incorporation of Ag ions in the ZnO matrix, showing excellent chemical
sensing properties. ZnO was found to show a low value of the limit of detection, i.e., 2.175 pM/L,
for p-nitrophenol sensing; moreover, a sharp decrease in the limit of detection was observed with an
increase in the concentration of silver ions, and the LOD value decreased to 0.669 uM/L for the 10%
silver-doped zinc oxide. It is therefore concluded that Ag-doped ZnO shows a lower limit of detection
as compared to pure ZnO for p-nitrophenol sensing. We observed a decrease in the particle size
with an increasing Ag ion concentration, as well as the presence of silver also decreasing the electron
hole recombination rate, which led to the enhancement of the surface area and Ag also behaving as
an electron scavenger. Hence, there was an increase in the chemical sensing efficiency owing to the
separation of charge carriers, resulting in the restriction of their recombination. It is concluded that
Ag-doped ZnO nanostructures are promising candidates for the detection of p-nitrophenol.
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