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ABSTRACT

Metal nanoparticles incorporated in conducting polymer nanocomposites have outstanding properties
and potential applications in various fields and significant research has been carried out over the last
two decades for the development of efficient methods for their synthesis. The current study describes
a microwave-assisted, rapid, and environmentally friendly method for depositing silver nanoparticles
(AgNPs) over poly(1-naphthylamine) (PNA) using clammy cherry (Cordia Obliqua willd) extract as a
reductant to create silver/nanocomposites (Gr-Ag/PNA) with varying silver contents. Thermal stability
and charge transfer kinetics of PNA was significantly improved upon introducing AgNPs, as evidenced
by the thermogravimetric analysis and electrochemical investigations, respectively. All prepared Gr-Ag/
PNA nanocomposites could show improved catalytic activity towards the borohydride-aided reduction
of 4-nitrophenol (4-NP) and the pseudo-first-order rate constants showed a direct relationship with
the percent of silver incorporated over PNA. Additionally, for the first time, the Gr-Ag/PNA modified
carbon paste electrode (Gr-Ag/PNA/CPE) was utilized to validate its usefulness and applicability in the
electrocatalytic reduction of 4-NP. A low-cost enzymeless voltammetric 4-NP sensor based on Gr-Ag/
PNA/CPE was fabricated and it showed excellent selectivity for 4-NP, as well as a strong linear response

over a wide range of 4-NP concentrations (30-1000 M) and a detection limit of 6.25 uM.
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INTRODUCTION

Metal nanoparticles (MNPs) are interesting
nanofillers for futuristic applications because of
their distinctive optoelectronic, electrical, and
electrochemical properties.  Spreading silver
nanoparticles (AgNPs) across a support matrix can
prevent metal leaching and particle aggregation,
and enhance their catalytic and sensing potential.
Carbon nanotubes, graphene oxide, graphene,
metal sulfides, metal oxides, and similar materials
have 1 been employed as solid supports for
stabilizing and dispersing MNPs.[1-7]
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Interestingly, conjugated polymers could work
well as a support matrix for many MNPs, and their
unique interactions between the components could
lead to high activity, selectivity, and reproducibility,
especially in catalytic and electrochemical sensing
applications. Conjugated polymers, such as
polypyrrole, polyaniline, polythiophene, and many
others, have recently been used as the MNPs
support for the preparation of excellent sensors and
catalysts.[8-12]

Remarkably, polyaniline and its derivatives
have gained extensive research importance because
of their ultra-porous structure, large specific
surface area, chemical stability, and tunable
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electrochemical properties [13-17].  Poly(1-
naphthylamine) abbreviated as PNA is a polyaniline
derivative and possesses better thermal stability,
excellent electrochemical properties, easy solution
processability, and better adsorption and film-
forming properties compared to polyaniline [18-
22]. Recently, various PNA-based nanocomposites
having enhanced photocatalytic, adsorption,
and electrocatalytic performances were prepared
upon incorporating selective nanofillers over PNA
support [23-30][31].

The contamination of water resources by
aromatic compounds like phenols and nitro-
compounds like 4- nitrophenol (4-NP) synthetic
dyes etc are increasing day by day causing a
serious threat to the ecosystem since they are
non-biodegradable and mutagenic and these
carcinogenic compounds [32, 33]. For the
effective management of 4-NP pollution, selective
and sensitive monitoring of 4-NP is essential.
The electrochemical methods using MNP-
modified electrodes were established as reliable,
reproducible, and cost-effective for 4- NP detection
[17, 34, 35]. Additionally, such metal-conjugated
polymer composites are active catalysts and have
been widely explored as heterogeneous catalysts for
the effective removal of pollutants like nitrophenols
and synthetic dyes via reductive degradation [36-
39].

The MNPs are usually incorporated over solid
support by the reduction of metal ions in the
presence of a dispersed support matrix, by chemical
reductants such as borohydrides or hydrazine.
Recently, the fast reduction of metal ions to MNPs
in presence of various phytochemicals as eco-
friendly reducing and capping agents has been
explored as a green and economical alternative
for the preparation of MNPs and their composites
[40-42]. Our previous work reported that the
phytochemicals present in the aqueous extract
of clammy cherry were efficient in reducing and
producing highly stable AgNPs at a faster rate
under microwave (MW) activation [43].

Herein, AgNPs dispersed PNA nanocomposites
were prepared by an MW-assisted reduction of
silver ions in the presence of nano/microspheres
of PNA using clammy cherry fruit extract as the
non-toxic reducing agent. Different analytical
tools were employed to establish the structural
and physicochemical properties of prepared
nanocomposites. Green synthesized Ag/PNA
nanocomposites (Gr-Ag/PNA) were used as

J. Water Environ. Nanotechnol., 8(1): 66-78 Winter 2023

the electrode modifiers and electrocatalytic
reduction and electrochemical sensing studies
of 4-NP were performed. Moreover, the catalytic
efficacy of prepared Gr-Ag/PNA towards the
reductive discoloration of 4-NP with excess
sodium borohydride was also investigated. The
present study has explored a novel green route
for the synthesis of PNA nanocomposites and its
potential applications in pollution monitoring and
remediation.

EXPERIMENTAL
Materials and methods.

The chemicals like silver nitrate (AgNO,),
nitric acid (HNO,), ammonium peroxodisulphate
(APS), potassium chloride (KCI), sodium
hydroxide (NaOH), sodium hydrogen phosphate
(NaH,PO,.2H,0), sodium dihydrogen phosphate
(NaHPO,.2H,0), sulphuric acid (H,SO,), sodium
borohydride (NaBH,), graphite powder, and
4-nitrophenol (4-NP), paraffin liquid, used in
the study were of analytical grade and bought
from Merck, India. 1-Naphthylamine (NA) was
purchased from Loba Chemie, India and it was
purified by recrystallization from ethanol. Distilled
ethanol and deionized water are used as solvents
for the present study. AgNPs and nanocomposite
synthesis were carried out in a microwave oven
(wave (LG) model 1S2021CW at 2450 MHz).

Preparation of Gr-Ag/PNA nanocomposites

PNA  was synthesized by oxidative
polymerization of NA by APS using the previously
described method [29]. Ripened clammy cherries
were taken from the campus of Maharajas
College, Ernakulam, Kerala, India, and clammy
cherry extract (0.1 gL!) was made following the
method reported earlier [43]. Three different
PNA nanocomposites containing varying silver
content say 5%, 10%, and 20 % were made by
MW-assisted method using clammy cherry as
the green reductant, and the resulting composites
were designated as Gr-Ag-5/PNA, Gr-Ag-10/PNA
and Gr-Ag-20/PNA respectively were ‘Gr’ refers
for green synthesized. In a typical preparation for
Gr-Ag-5/PNA, 1 g of dry PNA powder was probe-
sonicated in 100 mL of deionized water. To this
PNA dispersion, 5 mL of 0.1 M AgNO, solution
was added in drops and magnetically stirred for 30
minutes. 20 mL of clammy cherry extract was then
slowly added to this mixture. After 30 minutes of
stirring, the mixture was placed in an MW oven at
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350 W for 10 minutes. The resultant dispersion was
further magnetically swirled for 30 minutes, cooled,
filtered, washed, and dried, and the blackish-blue
colored Gr-Ag-5/PNA powder was obtained. The
aforesaid technique was performed with 10 mL and
20 mL of 0.1 M AgNO, solution, to prepare Gr-
Ag-10/PNA, and Gr-Ag-20/PNA, respectively.

Characterization

The FTIR spectra of PNA and Gr-Ag/PNA
nanocomposites were recorded in the range of
400-4,000 cm™ with a NICOLET FT-IR Thermo
scientific spectrometer, and XRD was performed
with a Bruker AXS D8 advance diffractometer
using CuK radiation (wavelength 1.5418 nm
between 30°- 80°). HRTEM images of AgNPs, PNA,
and Gr-Ag/PNA were recorded with the JOEL
JEM2100 instrument. The OXFORD XMX N was
used for energy dispersive X-ray analysis (EDAX),
and the Perkin Elmer STA 6000-USA was used for
thermogravimetric investigations of PNA and Gr-
Ag/PNA nanocomposites at a temperature range
of 50°C to 700°C under N, environment at a scan
rate of 10°C/min. Thermo scientific evolution 1600
UV-vis spectrometer was used to record electronic
spectra in the 200-800 nm range.

Electrochemical studies

The electrochemical analysis was performed
in a three-electrode electrochemical setup with
AUTOLAB galvanostat/potentiostat-model
No.302N, Germany where Ag/AgCl was used as
the reference electrode, Pt as the counter electrode
and bare carbon paste electrode (CPE) or PNA or
Gr-Ag/PNA modified CPE as working electrode.
The CPE was prepared and modified with PNA
and Gr-Ag/PNA nanocomposites by adopting the
method reported by our research group earlier
[29]. The PNA and three Gr-Ag/PNA modified
CPE were represented as PNA/CPE and Gr-Ag-5/
PNA/CPE, Ag-10/PNA/CPE, and Ag-20/PNA/
CPE, respectively. The electrochemical response
and charge transfer characteristics of the bare
CPE, PNA/CPE, and the three Gr-Ag/PNA/CPEs
were assessed by electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV)
studies.

The electrocatalytic reduction of 4-NP over
bare CPE, PNA/CPE, and (Gr-Ag/PNA-20)/CPE
was evaluated by CV in phosphate buffer (pH 7.0).
The linear range and detection limit for Gr-Ag/
PNA-20)/CPE-based 4-NP sensor was determined

by differential pulse voltammetry (DPV) conducted
in a potential range of 0 V to -0.7 V vs Ag/AgCl
electrode at a pulse amplitude of 50 mV.

Catalytic reduction of 4-NP

The reduction of 4-NP with excess NaBH, was
used asamodel test to investigate the catalytic action
of the produced Gr-Ag/PNA nanocomposites. In a
typical process, a round-bottomed flask was taken
with 20 mL of 4-NP solution (10* M). 5 mg of
Gr-Ag-5/PNA nanocomposite was added to the
above solution, sonicated, and then 5 mL of 0.05 M
NaBH, was added and stirred. At regular intervals,
suitable quantities of the reaction mixture were
taken. The catalyst was separated by high-speed
centrifugation, and the UV - visible spectrum was
recorded. The entire study was repeated with other
nanocomposites and pristine PNA to compare
their catalytic activities.

RESULTS AND DISCUSSIONS
MW-  assisted green synthesis of Gr-Ag/PNA
nanocomposites

The present study used an aqueous extract of
clammy cherry and MW irradiation to develop a
faster and environmentally sustainable approach for
the introduction of AgNPs onto the PNA surface.
It has been reported that clammy cherry extract
contains various polyfunctional compounds, and
the reducing and stabilizing efficacy of clammy
cherry-derived phytochemicals has already been
validated in our past findings [43, 44]. MW
irradiation accelerated the reduction of metal ions
to AgNPs, and AgNPs with SPR band at around
.. = 415 nm were obtained which confirmed the
formation of AgNPs with an average size of 5-20
nm (Supplemental Fig. S1).

FTIR spectral studies

Fig. 1 shows the FTIR spectra of PNA and Gr-
Ag/PNA nanocomposites. Stretching vibrations
of hydrogen-bonded N-H bonds are associated
with a wide band detected about 3335 cm™ in all
spectra. The sharp peak at 764 cm™ detected in all
spectra is attributed to C-H out-of-plane bending
vibrations, and it validates polymerization through
the 1,4 coupling of NA units, according to previous
research [27]. In the FTIR spectra of all composites,
peaks corresponding to imine stretching (1656 cm™
') and quinonoid skeletal vibration (1586 cm™) were
visible; however, the relative intensities of these
peaks are shown to vary during nanocomposite
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Fig. 1. FTIR spectra of PNA and Gr-Ag/PNA nanocomposites
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Fig. 2. XRD pattern of (a) Gr-Ag-5/PNA, (b) Gr-Ag-10/PNA
and (c) Gr-Ag-20/PNA
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Fig. 3. TGA profile of PNA (a), Gr-Ag-5/PNA(b) Gr-Ag-10/
PNA(c) and Gr-Ag-20/PNA(d) nanocomposites

production. PNA has a peak at 1315 cm™ that
is connected to C-N stretching vibrations of
benzenoid-quinonoid wunits in the polymer
backbone, and Gr-Ag/PNA nanocomposites have
a significant change in the C-N stretching peak
position. The presence of exclusive interactions
between AgNPs and PNA was confirmed by the
observed change in intensity and peak position.

XRD studies

The presence of a wide reflection from the (020)
plane of PNA at about 23° in the XRD patterns of
Gr-Ag/PNA nanocomposites (Fig. 2) suggested that
PNA was mostly amorphous in the composite [29].
Additional intense diffractions were found for Gr-
Ag/PNA nanocomposites that are characteristic
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of metallic silver, confirming the incorporation of
silver over PNA, and there is an apparent rise in the
intensities of the silver peak relative to that of PNA
as the silver loading was increased. The peaks at
37.7°,44.3°, 64.7°, and 77.6° are assigned to the [1 1
1],[200], [22 0], and [3 1 1] crystal planes of the
metallic silver of fcc structure, respectively (JCPDS
N0;04-0783).

Thermogravimetric analysis (TGA)

TGA plots shown in Fig. 3 proved that the
thermal stability of the Gr-Ag/PNA nanocomposites
had significantly increased. This suggests that
the polymer backbones were significantly less
susceptible to degradation in nanocomposites.
According to the findings of FTIR and XRD
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Fig. 4. SEM images of (a) PNA, (b) Gr-Ag-5/PNA, (c) Gr-Ag-10/PNA and (d) Gr-Ag-20/PNA

tests, this could have been caused by a structural
reorganization of the polymer chains due to matrix
interactions.

SEM and EDAX studies

Fig. 4 shows SEM images of PNA and Gr-
Ag/PNA nanocomposites. PNA spheres appear
as microspheres, whilst silver clusters appear as
bright spots uniformly dispersed throughout their
surfaces. Because of the interfacial interactions of
AgNPs with PNA, the PNA microspheres seem to be
more aggregated or clustered in the nanocomposite
matrix. The EDAX analyses of the Gr-Ag-10/PNA
verified the inclusion of silver in the PNA matrix
via green synthesis (Supplemental Fig. S2). Because
of contamination from the active oxidant APS, a
minor quantity of S is also detected.

HRTEM analysis

Detailed  morphological,  topographical,
and crystallographic  information of the
nanocomposites are obtained from HRTEM
pictures and corresponding SAED patterns of PNA,
AgNPs, and nanocomposites presented in Fig. 5. It
was clear from the TEM studies that both in its pure

form and in the nanocomposites obtained, PNA
exhibited the similar sphere-like shape, and the
AgNPs were uniformly dispersed throughout the
surface of PNA spheres (Fig. 5a-f)). AgNPs were
found to be just as crystallized when integrated,
as indicated by their distinct SAED patterns with
concentric rings (inset Fig. 5 a, ¢, e, and g).

EIS studies

PNA and Gr-Ag/PNA modified CPE were
used in the EIS experiments to examine the
influence of silver incorporation on the charge
transfer properties of nanocomposites, and the
findings are shown in Fig. 6 as Nyquist plots. All
of the graphs looked the same, with a semicircle
at low frequencies and a linear portion at higher
frequencies. The diameter of each semicircle
correlates to the resistance given to charge transfer
across the corresponding electrode surfaces,
and charge transfer resistance reduced as silver
content increased, as demonstrated by the order of
semicircle diameter Gr-Ag-20/PNA (R = 2435 Q)
< Gr-Ag-10/PNA (R = 3123 Q) < Gr-Ag-5/PNA
(R,=3432 Q) <PNA (R = 4337 Q). The Gr-Ag-20/
PNA/CPE had the smallest diameter, implying that
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Fig. 5. TEM images of Gr-Ag-5/PNA (a and b) Gr-Ag-10/PNA (c and d) Gr-Ag-20/PNA (e and f), PNA (g) and AgNPs (h), and SAED
patterns of Gr-Ag-5/PNA Gr-Ag-10/PNA, Gr-Ag-20/PNA, PNA, and AgNPs (inset a, ¢, ¢, f, g, and h, respectively)

it would have superior charge transfer kinetics,
which might be due to the availability of a larger
number of well-distributed catalytically active
AgNPs over the large surface given by the PNA
spheres.

Catalytic studies
The reduction of 4-NP with sodium
borohydride as the reductant was studied

catalytically in the presence of pristine PNA and
Gr-Ag/PNA nanocomposites as heterogeneous
catalysts. By keeping the reductant concentration
much greater than that of 4-NP, the reactions were
carried out under pseudo-first-order conditions.
At regular time intervals, by separating the
catalyst by centrifugation, the UV-Vis spectra
of the reaction mixture were recorded, and the
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progress of the catalytic reaction was monitored
(Supplemental Fig. S3). Since the reaction medium
became alkaline with the addition of sodium
borohydride, 4-nitrophenolate ions that have
strong absorption at 400 nm were formed and
the color of the solution became intensified. As
the reaction progressed, 4-NP was reduced to
colorless 4-aminophenol (4-AP), the color of the
solution faded and the intensity of absorption at
400 nm lessened. For each catalyzed process, the
absorbance values (A) at Amax (400 nm) were
noted, and the plotIn(A /A ) versus time was made.
The pseudo-first-order rate constants (kapp) for each
catalytic reaction were computed from the slope of
the linear fit of each plot (Fig. 7(a-d)). Analyzing
catalyzed reactions’ kapp values allowed us to
determine the influence of silver inclusion on the
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recorded with 0.1 mM 4-NP at a scan rate of 50 mV/s over bare CPE, PNA/CPE and Gr-Ag-20/PNA/CPE (b)

Table3.1. Thek values calculated for the reduction of 4-NP under different catalytic conditions

Reaction condition (4-NP+NaBH,)

Rate constant (Kapp/min™) (RSD < 5%)

Without catalyst
PNA
Gr-Ag-5/PNA
Gr-Ag-10/PNA
Gr-Ag-20/PNA

0.00174
0.0647
0.1517
0.2513
0.4218

system’s catalytic effectiveness. As a consequence of
the integration of AgNPs over PNA, the catalytic
activity is significantly enhanced, and the catalytic
performance is directly proportional to the amount
of silver integrated. Kapp was determined to be
0.0425 min™! for pristine PNA, 0.1517 min™* for Gr-
Ag-5/PNA, 0.2513 min' for Gr-Ag-10/PNA and

0.4216 min! for Gr-Ag-20/PNA correspondingly
(Table 3.1). A heterogeneous route has been
proposed for the Gr-Ag/PNA or PNA-catalysed
process, including the adhesion of reactants to
the surface of the catalyst and electron transfer
from the reductant to 4-NP. Over PNA-spheres,
silver nanospheres are efficiently supported during
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Table.1 Comparison of catalytic performance of Gr-Ag/PNA with some reported

catalytic systems

Catalyst [4-NP] 10° M Rate constant (Kapp) Reference
/ min!

PNA-Ag (one step) 10 0.2981 [29]

Au/MMT/PANI 9 0.0792 [38]

Au-N alata 8 0.187 [45]

AgNPs-N. alata 8 0.195 [45]

Pt 20 0.0165 [46]

Pd 20 0.1088 [46]

polyacrylamide-Au 8 0.252 [47]

Ag-PANI 0.2046 [37]

Au-FeOs - 0.882 [48]

Pd 10 0.1110 [49]

1.35% Ceo-Au-TiO2 20 0.083 [50]

Gr-Ag-5/PNA 0.1517

Gr-Ag-10/PNA 10 0.2513 This work

Gr-Ag-20/PNA 0.4218

OH OH OH OH
+de, +4H' -H,0 -2e,-2H’
—— — e—

“H.0 A
+2e,42H

+

Nao N

- \ N
0" o HO” H o#" H” H

Fig.9. A plausible mechanism for electrochemical reduction of 4-NP over Gr-Ag/PNA/CPE

nanocomposite production, which might offer
substantial surface areas for negatively charged
nitrophenolate and borohydride ions to adhere to.
Aside from that, the redox interaction between the
catalytically active silver and PNA enhanced the
electron transfer between the borohydride and
nitrophenolate ions considerably quicker, reducing
4-NP to 4-AP much faster. A mechanistic approach
for the conversion of 4-NP to 4-AP using Gr-Ag/
PNA is suggested (Supplemental Fig. S4). As the
quantity of silver loading rises, the more exposed
active centers present over PNA accelerates
electron transport between substrate and reductant,
resulting in quicker 4-NP reduction. The Gr-Ag/
PNA catalytic system’s performance was compared
to that of previous studies reported (Table 1), and
it is evident that the demonstrated nanocomposites
have high catalytic efficacy.
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Electrocatalytic studies

To evaluate the electrochemical response and
electrocatalytic performance of the Gr-Ag/PNA
modified electrodes towards 4-NP reduction
CV studies were performed with Gr-Ag-5/PNA,
Gr-Ag-10/PNA, and Gr-Ag-20/PNA modified
CPEs with and without 0.1 mM 4-NP solution
and the corresponding CV plots are presented
(Supplemental Fig. S5). The CV and EIS studies
confirmed that among the Gr-Ag/PNA modifies
CPEs, Gr-Ag-20/PNA have better charge transfer
characteristics, improved electrochemical
response, and excellent electrocatalytic capabilities
Therefore, further investigations on electrocatalytic
and electrochemical sensing were conducted with
Gr-Ag-20/PNA/CPE. Comparison of CV profiles
recorded at 50 mVs*' with and without 0.1 mM
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Fig.10. DPVs of ( Gr-Ag-20/PNA/CPE)/CPE with increasing 4-NP concentrations (1- 1000 uM) in phosphate buffer solution against

Ag/AgCl as reference electrode at potential

4-NP in buffer validated the electrocatalytic
activity of Gr-Ag/PNA/CPE (Fig. 8a). As a result
of the 4-NP reduction to hydroxyl aminophenol,
Gr-Ag-20/PNA/CPE, PNA/CPE, and bare CPE
displayed a significant reduction peak at -0.8 V.
The hydroxylamine was oxidized to 4-nitrophenol,
resulting in an anodic peak at +0.14V. There were
no similar peaks at Gr-Ag-20/PNA when 4-NP
was absent. CV profiles recorded with 4-NP were
shown to have a three-fold increase in both anodic
and cathodic peak currents compared to CV scans
without 4-NP.

The electrocatalytic activity of bare CPE, PNA/
CPE, and Gr-Ag-20/PNA/CPE was examined using
CV measurements with 0.1 mM 4-NP in buffer at
a scan rate of 50 mVs™ (Fig. 8b). The Gr-Ag-20/
PNA/CPE exhibited increased current response
at specific redox peaks of 4-NP, as shown in Fig.
8b. The CV profiles revealed that the potential for
reduction of 4-NP over Gr-Ag-20/PNA/CPE was
at -0.80 V, whereas it was about 60 mV and 80

mV lower than that of PNA/CPE and bare CPE,
respectively, and thus it was concluded that, even if
the reduction occurs over all of these electrodes, the
lower peak potential observed for Gr-Ag-20/PNA/
CPE suggested its better electrocatalytic activity.
The effect of the applied scan rates on the CV
response was utilized to study the nature of the
electrocatalytic process over Gr-Ag-20/PNA. The
CVs were recorded using 0.1 mM 4-NP at scan
speeds ranging from 25 mVs-1 to 250 mVs-1, and
the peak current values obtained during anodic
and cathodic potential sweeps were plotted against
the square root of the scan rates (Supplemental
Fig. S5). The results revealed that the peak currents
for reduction and oxidation increased linearly
with scan rates, demonstrating that the overall
electrochemical reaction of 4-NP at Gr-Ag-20/
PNA was a diffusion-regulated process [51, 52].
According to the CV experiments, Gr-Ag-20/
PNA on CPE had improved electrocatalytic
response, which was ascribed to the unique
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Table.2 Comparison of Gr-Ag-20/PNA/CPE based 4-NP with reported works

Electrode Method Linear range ( uM) LoD (uM) Reference
Au-ZnS/GCE DpV 0.15-2 0.320 [34]
AgNWs-PANI/GCE DpV 0.6- 32 0.052 [17]
Nano-Au/GCE Ccv 10-30 8 [53]
GNS-FePc/GCE. DPV 100 - 700 10 [54]
RG-Fe:03/GCE SWV 0.2-10 0.86 [55]
PANi/GCE DpV 6.7-112 3.2 [56]
MIP/GO DpV 60-140 20 [57]
Ni-CoOx/GCE DpV 7 - 682 4.8 [58]
ZnO/GCE Ccv 10-1000 13 [59]
Gr-Ag-20/PNA/CPE ~ DPV 30-90 6.25 Present study

100-1000

electrostatic interaction of PNA and AgNPs with
the electrode surface and 4-NP. As a result, it is
recommended that Gr-Ag-20/PNA/CPE can be
utilized for sensitive 4-NP determination at a
comparatively low overpotential.

The electrochemical behavior estimated from
the CV profile of 4-NP over the Gr-Ag-20/PNA/
CPE was consistent with that reported by other
authors. Fig. 9 depicts a probable mechanism for
the electrochemical process of 4-NP over Gr-Ag/
PNA/CPE based on prior findings and the results
of several experiments used here.

Electrochemical sensing studies-DPV

DPV experiments were used to establish the
sensitivity and detection limit (LoD) of a Gr-Ag-20/
PNA/CPE-based 4-NP sensor. In the DPV plots
of 4-NP in the concentration range of 1-1000 uM
shown in Fig. 10 an obvious rise in peak current as
the 4-NP concentration rises were found. The peak
height (uA) was plotted against the corresponding
4-NP concentration (uM). In two continuous
concentration regions, say 30 -100 uM and 100
-1000 uM, the calibration curve fits linearly with
an acceptable correlation coefficient, and the
corresponding linear regression equations are Ip =-
0.0830 [4-NP] (uM) - 2.0959 (R*=0.9931) and Ip =
-0.0208 [4-NP] - 4.1526 (R* = 0.9981), respectively.
From the calibration plot, the calculated LoD and
sensitivity were 6.25 uM (Signal/Noise=3) and 423
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UAMM™' cm?, respectively.

The performance of the present sensor was
compared with some reported electrochemical
4-NP sensors and presented in Table 2. The current
4-NP sensor has a large detection range, a low
detection limit, and a high sensitivity, according
to the research. The study is more appealing and
noteworthy since it is simple to construct and uses
less expensive electrode materials such as carbon
paste and modifiers.

Reproducibility, stability, and selectivity

The DPV responses of Gr-Ag-20/PNA/CPE
were recorded in 0.1 mM of 4-NP 10 times, and
the relative standard deviation (RSD) of peak
height was found to be within 3.4 %, suggesting
high repeatability. The storage stability of Gr-
Ag-20/PNA/CPE was also studied by detecting the
current response of 0.1 mM 4-NP after a 10-day
storage period, and it preserved 91 % of the original
current, confirming that the Gr-Ag-20/PNA/CPE
had significant storage stability. In the presence of
interferents such as NaCl, KCI, KNO,, CaSO,, 4-AP,
and 2-nitrophenol (2-NP), the selectivity of Gr-
Ag-20/PNA/CPE towards 4-NP was evaluated, and
the DPV current response was noted (Supplemental
Fig. $6). The interference investigation indicated
that inorganic salts had no effect on 4-NP detection,
but other phenolic compounds produced a slight
change in peak current. We have shown that Gr-Ag/
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PNA can be easily synthesized via a cost-effective
green route and that it performs well as a 4-NP
sensor with a wide detection range, lower detection
limit, and much better sensitivity. The work is more
appealing compared to earlier reports because of
its simplicity of manufacturing and usage of less
expensive electrode materials and modifiers. This
innovative and simple production of Ag/PNA
nanocomposites is expected to open the way for the
design and development of other useful PNA-based
metal nanocomposites for a variety of applications.

CONCLUSION

In this study, AgNPs incorporated PNA
nanocomposites were prepared using microwave-
assisted photoreduction of silver ions in presence
of dispersed PNA. Thus, we have shown a safer,
more affordable, ecologically friendly, and scalable
alternative to traditional physical, chemical,
and microbiological approaches. We have also
demonstrated the performance of prepared Ag/
PNA nanocomposites was superior to or on par with
that of similar composites produced using other
processes. Dispersion of AgNP crystallites over
the conjugated matrix of PNA could improve the
charge transfer kinetics and sensing performances
and the catalytic performance was substantially
improved due to stabilization and synergistic
interaction. between matrix components. We could
easily modify the CPE surface with Gr-Ag/PNA
without using any additional binder, and the GR-
Ag/PNA modified electrodes demonstrated high
sensitivity, higher selectivity, and a wide detection
range towards voltammetric sensing of 4-NP.
This work was noteworthy and appealing due to
its high catalytic efficacy, good sensitivity, ease of
fabrication, reusability, and cost-effectiveness. This
facile manufacturing of Ag/PNA nanocomposites
might lead to further PNA-based metal
nanocomposites for a range of uses.
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