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ABSTRACT

The environmental problem is a big issue in the current scenario because the
human beings are affected via natural or manmade sources. Over a range of
industrial pollutents, the nitrophenol (referred to as 4-NP) known as harmful
industrial chemical for the environment and listed as a carcinogenic compound
for human health. To keep this view the present manuscript describes the for-
mation of highly crystalline silicon nanoparticles (Si-NPs) and applied for the
electrochemical sensing of 4-NP. The Si-NPs exhibit numerous applications in
various directions such as catalyst, solar cells, LEDs, batteries etc. The Si-NPs
were formed from the physical approach with using argon-silane mixture in a
gas chamber with impregnation of microwave plasma. The processed material
was examined through various techniques such as X-ray diffraction pattern
(XRD), field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM) and Fourier transform spectroscopy (FTIR). It
reveals from the acquired analysis that the size of each NP is ~ 4 nm with good
structural and chemical characteristics and applied as a film form against to
check the sensing of 4-NP with three electrode system. The electrochemical
studies were conducted through cyclic voltammetry (CV) in terms of their low
to high concentration (7.8, 15.62, 31. 25, 62.25, 250, 500, 1000 pM in PBS), scan
rate at variable potential was accessed from 5 to 100 mV with Si-NPs based
electrode. The sustainability, reproducibility and efficacy of the formed sensor
(Si-NPs/GCE) was examined in occurrence with 4-NP (62.25 pM) for seven
consecutive cycles. Including to this, chronoamperometry (0 to 1500 s) and
electrochemical impedance spectra (7.8-1000 uM in PBS) were also analyzed. On
the basis of acquired results and discussion a probable mechanism was also
described.
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1 Introduction

In the recent past, there is an enhanced discharge of
pollutants through man-made such as organic, inor-
ganic, industrial, households and various other
means etc., also natural are a severe threat to the
ecosystem generated in water and atmosphere [1]. A
specific, fast and furious methods are required to
measure the pollutants, which are responsible for the
obliteration for the ecosystem. Among various
organic pollutants, the phenolic derivatives (such as
nitrophenols, bisphenol, nanylphenol 9 etc.) are
found to be a hazardous material to the ecosystem
even at a very low concentration of traces levels [2].
Out of others phenolic derivatives, the 4-nitrophenol
(CeHsNO3, 4-NP), which is widely utilized as a
plasticizers, pesticides, pharmaceutical, explosives,
dyes etc.; are extremely prevalent in environment [3].
Including the plastic industry, the 4-NP is also uti-
lized in tannery, fungicide, pH indicator in chemical
laboratories etc. [4]. The toxicity of compound is very
high and, on the basis of their severe toxicity rate,
USEPA (United state environmental protection
agency) classified the 4-NP as a major pollutant with
maximum permissibility of 60 ppb (0.43 pM) in
drinking water [5]. To overcome these obstacles,
there is an urgent need for the detection and quan-
tification of 4-NP through cost effective, fast, precise
and reliable analytical tools [5]. For the environ-
mental safety aspects, the detection of phenols and
phenolic derivatives in normal water and their
effluents are major concern because it expresses a
toxic effect on animals, humans, plants etc. The oxi-
des based semiconductor materials, polymers,
nanocomposites are the selective materials for the
development of efficient chemical sensor, which is an
important issue for the detection, and quantification
of organic pollutants, toxic chemicals and materials
[6, 7]. Although the available techniques provides the
advantages of sensitivity and accuracy but their way
of sample preparation, difficulties in analysis, longer
analysis time, necessity of molecules derivatization,
higher cost etc. are the factors, which limits their
utility [8]. For the degradation of organic molecules
(p-nitrophenol), some methods have been adopted
such as biodegradation [9], photocatalytic [10],
microwave assisted oxidation [11], electrocatalytic
oxidation [12] and photoelectrocatalytic degradation
[13, 14] etc. Over various methods of nitrophenol
detection, electrochemical techniques supported via
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the direct determination of phenols with signals,
which are recovered from the reduction of nitrogroup
in 4-NP. Towards this direction, enormous applica-
tions related to the electroanalytical based micro-
electrode were employed as a working electrode for
the detection and quantification of amine absorbed
with phenol through metal (nanoporous gold), metal
oxides [zirconia (ZrO,) nanoparticles] and carbon
based materials (multiwalled carbon nanotubes)
[15-17] etc.

The 4-NP can be reduced exclusively with the use
of catalytic evaluation of metal NPs in aqueous sus-
pensions. While most evaluations deal with colloidal
metal (Cu, Ag, Au, Pt, Pd, Ru) nanoparticles [18-24].
A range of techniques have been employed for the
detection of 4-NP such as spectrophotometry [25],
fluorescence [26] liquid and gas chromato graphy
(HPLC & GC) [27, 28], electrophoresis [29] etc. But
these techniques needs extensive care and require
expensive chemical reagents with good expertise to
handle them. It is required and urgent demand for
the development of modern technique, which have
simple operational method, low preparation cost, less
time consuming, fast and efficient detection of 4-NP.
The electrochemical techniques is a best technique to
solve these problems and can be easily overcomes
these shortcomings, also to permit a sensitive, selec-
tive and reproducible determination of analyte [30].

Over a long range of metal oxides nanostructures,
the silicon nanoparticles (Si-NPs), exhibit larger
applications in various directions such as light emit-
ting diodes, dye sensitized solar cells, lithium ion
batteries, anti-static films, coatings, imaging, energy
storage and catalyst etc [31]. The Si nanostructures
can be synthesized through various ways such as
chemical solution, ball milling, hydrothermal, reverse
micelle process and various others [32]. The solu-
tion/chemically grown materials have advantage to
produce nanostructures in a bulk amount with a cost
effective manner but the high quality and crys-
tallinity are a matter of concern for silicon nanos-
tructures. The material can also be prepared from the
physical ways such as thermal decomposition (TE),
laser ablation, vapor-phase thermal decomposition,
vapor-phase thermal decomposition, inert gas con-
densation, pulse vapor deposition (PVD), laser and
flush spray pyrolysis, electro sprying [33, 34] etc. The
present work demonstrates the formation of Si-NPs
with the use of microwave plasma reactor; to this
reactor the argon-silane mixture was introduced to
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the reaction chamber with hydrogen gas. The argon-
silane mixture was decomposes through the micro-
wave irradiation and it gives high crystalline Si-NPs.
The processed material was well characterized in
terms of their crystalline, morphological and chemi-
cal characteristics. Out of these analyses of NPs, the
materials sensing characteristics were observed
against nitrophenol (4-NP) with various parameters
such as effect of concentration, effect of potential,
scan rates, chronoampherometric response and elec-
trochemical impedance spectroscopy (EIS) were
measured with modified Si-NPs/GCE electrode.
Also, based on the acquired results and their dis-
cussions experimental details with mechanism were
also presented.

2 Materials and methods

2.1 Experimental

2.1.1 Formation of silicon nanoparticles (Si-NPs)
through microwave plasma reactor

For the formation of Si-NPs microwave plasma reactor
was utilized. At the reaction compartment, a specific
amount of argon-silane mixture 1% SiH, (purchased
from Aldrich chemical corporation, U.S.A) and 99% O,
was presented [34-36].The silane (SiH,) was decom-
poses from the microwave energy, which has high
frequency ~2.5 GHz and 2000 W power and was
joined with gas flow to originate the plasma. In this
plasma generator the pressure was maintained to ~
30 mbar in the plasma chamber. Once the plasma
enters into the chamber silane was dissociated into
silicon and hydrogen (Institute for Combustion and
Gasdynamics, University of Duisburg-Essen, Duis-
burg). The plasma flows at lower temperatures, where
the particle grows through Brownian coagulation,
amalgamation and give a surface growth [34-36]. The
plasma treated powder was examined for the basic
characterization.

2.1.2 Materials characterization

The recovered powder was categorized in detail;
such as FESEM (Hitachi, Tokyo, Japan) and TEM
(JEM JSM 2010 from JEOL at 200 kV, Tokyo, Japan)
for structural detail correspondingly. For FESEM
analysis, the processed powder was sprayed on the

carbon tape and mounted on the sample holder. The
coated sample was transferred to the sputtering
chamber for good quality image and to avoid the
charging effect during examination of FESEM sam-
ple. The sputtering was conducted with osmium
tetraoxide (OsO,) for~3 s on the surface of
nanopowder. Once the sputtering was accomplished,
the sample holder was fixed to the FESEM instru-
ment and analyzed. In addition to this, the morpho-
logical analysis was further accessed from TEM
equipped with HR-TEM facility. Very small amount
of powder (~1-2 mg) was dissolved in ethanol
(~50 mL) and sonicated in a glass beaker in bath
sonicator (cole parmer, USA) for ~ 10 min. Once the
sample was completely sonicated, to this suspension
solution a carbon coated copper grid (Aldrich
chemical corporation, U.S.A) was dipped for 3 s,
removed it from the solution and dried it at room
temperature. Thereafter, it was fixed in sample
holder of TEM and analyzed at 200 kV. The X-ray
powder diffractometer (XRD, Rigaku, Japan) with
Cug, radiation (A=1.54178 A, angle 20° to 80° with
6°/min) was analyzed. The powder particles func-
tional characteristics were examined through Fourier
transforms infrared (FTIR, Perkin Elmer, USA, ranges
from 4000 to 400 cm ™).

2.2 Si-NPs based sensor based with glassy
carbon electrode (Si-NPs/GCE)

The grown powder of Si-NPs was used as a film form
and pasted on glassy carbon electrode (GCE), to
sense the 4-NP in phosphate buffer solution (PBS,
0.1 M pH 7.2). For an electrode preparation, a layer of
the prepared powder (Si-NPs) was coated on GCE
electrode with the utilized area (71107 cm?). A pinch
of Si-NPs were mixed with butyl carbitol acetate
(BCA) with a specified ratio (70 & 30%) and then the
processed slurry was coated as a film of Si-NPs on
GCE electrode, the GCE was dried at 60+5 °C for
30 min to get a uniform layer over entire surface of
electrode. The electrochemical analysis was con-
ducted with the prepared electrode through autolab
potentiostat/galvanostat, PGSTAT 204-FRA32 con-
trol with NOVA software (Metrohom Autolab B.V.
Kanaalweg 29-G, 3526 km Utrecht, Nether lands)
with three electrode system [37, 38]. The Si-NPs/GCE
electrode was used as a working electrode, whereas a
platinum (pt) wire was castoff as a counter and Ag/
AgCl (sat.KCl) was used as a reference electrode
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consequently. The PBS (0.1 M; pH 7.2) with 4-NP was
used as an analyte solution for the whole electro-
chemical study. For to check, the sensing property of
4-NP with Si-NPs/GCE a wide range of different
concentration of 4-NP (7.8, 15.62, 31.25, 62. 25, 250,
500 and 1000 pM /100 mL in PBS) was adopted and
test from—1.5 to+1.5 V current. The effect of scan
rates (4-NP (62.25 uM) at different potentials (5 to
100 mV) were accessed. The reproducibility and
reliability test were also conducted for a longer per-
iod (One to 30 days). Including this, the amperometry
test was also performed from 0 to 1500 s for 4-NP in
PBS, the electrochemical impedance at different con-
centrations of 4-NP (7.8, 15.62, 31.25, 62.25, 250, 500
and 1000 pM) with current-time (i—t) curves were
measured at a set potential in PBS solution.

3 Result and discussion
3.1 X-ray diffraction pattern (XRD)

The XRD was accessed as described the procedure in
Sect. 2.1.2 for to know the product crystallinity, size
and phases respectively. As received spectrum from
XRD (Fig. 1), shows very well defined peaks are seen
related the available data of powder sample and
matched with the JCPDS card No. 39-1346. The peaks
positions are as 28.40 <111>, 47.20 <220>, 56.05
<311>, 69.10 <400> and 76.30 <331> are clearly
indexed with silicon phase (Si-NPs). The each crys-
tallite dimension was estimated through the well-

N
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Fig. 1 The XRD pattern of processed silicon nanoparticles (Si-
NPs)
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known scherror equation, which reveals that the size
is very small (~4 nm). There is no other peaks rela-
ted to any impurities had been observed in the
spectrum, which states that the processed material is
highly pure and well crystalline in nature [39, 40].

3.2 Structural detail of Si-NPs (FESEM
and TEM results)

The formed powder was analyzed through the
FESEM as described in Sect. 2.2 for to know the
structural detail of nanopowder. The captured ima-
ges (Fig. 2), illustrates the structural detail of formed
nanostructures. From the images (Fig. 2a and b), it
reveals that several tiny small spherical shaped
nanoparticles (NPs) are seen in a specified area,
which are either single or in a grouped and jointed
with other NPs. The surfaces and morphologies are
very clear, smooth and spherical in shape. The aver-
age diameter of each NP is~4 nm in size. The
average size of particle was estimated through the
size distribution measured with the use of the Image]
software package, which showed that the size of each
QD is ~ 3.88 nm with 23% of polydispersity (Fig. 2b,
inset). Further for more clarification, the observation
related to the morphology of the grown nanostruc-
ture, TEM was utilized and the received data is pre-
sented as Fig. 2c and d. As from the FESEM, very
similar observation was also received from TEM and
it reveals that many tiny particles are arranged in the
center, spherical in shape, and some are jointed with
other. The average diameter of each particle is ~
4 nm is visualized. The high resolution image was
also examined (Fig. 2d), which consist the high
crystalline property of the material and fringes dis-
tance apart from ~0.233 nm between the lattices
(Fig. 2d), which is corresponding to the previously
published literature [41, 42]. The TEM analysis
(Fig. 2c and d) is consistent with the FESEM images
(Fig. 2a and b) [41, 42].

3.3 The FTIR results of Si-NPs

The functional characteristics of Si-NPs were examine
through FTIR spectroscopy ranges from 400 to
4000 cm™". For to analyze this, a certain amount of
rich brown colored powder was mixed well with the
potassium bromide (KBr) and the mixture was com-
pressed with high-pressure [~ 4 tons (f)] to form a
pellet. The pellet was fixed to a sample holder and
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Fig. 2 The powdery spherical nanostructure shows at low (a) and
high (b) magnification FESEM images of Si-NPs respectively.
Size distribution of prepared Si-Nanoparticles (~ 3.88 nm b), poly
disparity ~ 23%) with ImageJ software. ¢ and d Shows the TEM

measured the FTIR spectroscopy. The FTIR spec-
troscopy of Si-NPs (Fig. 3) shows the atmospheric
oxygen trapped to the particles surfaces and it can be
clearly seen through the vibrational modes of oxides.
A wide band at 1199 cm ™! ascends, which is due to
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Fig. 3 The FTIR spectra of microwave assisted plasma processed
Si-NPs

& HR-TEM of Si-NPs respectively, which gives the general
morphology of the prepared NPs and their fringes distance
between two lattices (~ 0.233 nm)

5i-O-Si stretching mode of ambiances on metal oxide
(Si) surfaces. The small sharp bands were also
observed at 2246 cm ™! and at 881 cm ™}, denoting the
H-SiO; stretching and bending vibration mode,
respectively. The silicon hydride (Si-Hx (x=1-3) or
hydrogen terminated silicon band on the surface of
silicon was observed at 2090 cm™" [39-42].

3.4 Cyclic voltammetry (CV) studies of Si-
NPs with and without coated electrode.

The electrochemical studies was accomplished with
cyclic voltammetry (CV) and checked whether the
charge is present on coated (with NPs) and uncoa-
ted /bare electrode on GCE. To examine this initially,
the uncoated electrode was (without Si-NPs on GCE)
tested in presence of 4-NP [500 M/100 mL PBS
(01 M, pH 7.2)] solution with the scan rate of
100 mV/s. The acquired spectrum denotes that there
is no any peak was observed, which indicates that the
bare electrode doesn’t have any redox potential on
the surface. Once the Si-NPs layer was coated on GCE

@ Springer
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and to make the modified electrode (Si-NPs/GCE)
and tested for electrochemical examination in pres-
ence of 4-NP at concentration [500 uM/100 mL PBS
(0.1 M, pH 7.2)], it shows a change in anodic and
cathodic peak. The received data shows that the
working/modified electrode (Si-NPs/GCE) support
the electron transportation and sense the 4-NP
(500 pM), which act as a analyte in presence of PBS
[43]. The spectra denotes the oxidation and reduction
potential were observed at 1.44107, and -1.2210* V
in presence of 4-NP respectively [44], and confirms
that highly crystalline film of Si-NPs coated on GCE
(Si-NPs/GCE) is much efficient to oxidizes the 4-NP
and also responsible for the electron transportation in
PBS solution (Fig. 4) [44].

3.5 Effect of 4-NP concentration
on modified electrode (Si-NPs/GCE)

To know the effect of current and potential (I-V) on
processed working electrode (S5i-NPs/GCE), a range
of different concentrations of 4-NP (7.8, 15.62, 31.25,
62.25, 250, 500 &1000 pM /100 mL PBS) were chosen
and checked the CV in PBS and the obtained data is
presented as Fig. 5. From the obtained graph its
shows that a chronological change was observed in
the oxidation and reduction peaks from a low to high
range of 4-NP concentration solution. In this the
potential window was opted in range from—1.5 to+
1.5 V. The spectral data illustrated as Fig. 5, which
states that the current is increases with the enhance-
ment of 4-NP concentration and this is directly

0.00015 - Bare GCE
Bare GCE : 4-NP

= 0.000101|___ njodified GCE : 4-NP
= 0.00005-
=
2
= 0.00000-
Q

-0.00005 4

-0.00010 +

15 -1.0 -05 00 05 1.0 1.5
Potential (V)

Fig. 4 Cyclic voltammograms of bare and modified electrodes in

absence and presence of 4-NP (500 pM) in 0.1 M phosphate
buffer (pH 7.2). Scan rate: 100 mV/s
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Fig. 5 Cyclic voltammetric responses of Si-NPs in 0.1 M
phosphate buffer at different concentrations of 4-NP (a-h 7.8,
15.62, 31.25, 62.25, 250, 500 and 1000 puM)

related with anodic peak and consistent with 4-NP
concentration. It may imagine that once the current
was increases with increase of 4-NP concentration,
and directly proportional to the rate of electrons
transportation at the conduction band (Fig. 5) [45, 46].

3.6 Effect of potential at Si-NPs/GCE
electrode

The enactment of Si-NPs/GCE in response to repro-
ducibility and reliability, the different potential ran-
ges (5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV/s)
were chosen and sensing was accomplished in PBS
solution (Fig. 6). A sequential change/responses were
observed at different cycles at a fixed concentration of
4-NP in PBS at pH 7.2. The acquired data reveals that
the effect of potential on the formed electrode, at
initial very low potential (5 mV/s), displayed not
much response was observed in the oxidation and
reduction peaks it might be the possibility of electron
displacement is very less at a specified potential. The
observation indicates that at a very low potential, less
current signals in terms of oxidation and reduction
were observed whereas once the potential was
increased gradually in the solution, the cyclic
responses (redox) were increases, this attributes that
the processed Si-NPs/GCE electrode is functional for
the larger scale potential range and Si-NPs easily
sense the 4-NP in PBS solution [45, 46]. Based on the
obtained CV graph with different potential range a
linear plot was constructed for the examination of
ionization potential at cathode (IPc) and anode (IPa)



J Mater Sci: Mater Electron

0.00020
0.00015
0.000104
0.00005
0.00000
> 0.00005
-0.000109
-0.00015+ (a)
-0.00020

~
<
~
-
=
)
S
P
=

15 -1.0 05 00 05 1.0 1.5
Potential (V)

Fig. 6 Cyclic voltammetric responses of Si-NPs in the presence
of 4-NP (62.25 uM) as a function of scan rates (a—k 5, 10, 20, 30,
40, 50, 60, 70, 80, 90 and 100 mV)

with the assessment of correlation coefficient (R?).
From the graph it reveals that in both (IPc & IPa) for
Si-NPs/GCE, the value of R* were 0.999 and 0.993
respectively (Fig. 7). Apart from this, the detection
limit (LOD) for Si-NPs/GCE (IPc) and (IPa) were
assessed which were 0.512 and 0.614 respectively.
The limit of quantitation (LOQ) for Si-NPs/GCE (IPc)
and (IPa) evaluated which were 1.55 and 1.86
respectively (Table 1).

0.00020

—=— (Ipc)
0.000154 |—*— (IPa)

0.00010 4

0.00005 4

Current (nA)

0.00000 4

-0.00005 +

\\‘\‘\‘\\‘\‘\‘*\4

-0.00010 T T T T T
2 4 6 8 10
Square root of scan rate/(mV'? s2)

Fig. 7 Liner calibration graph for cathode and anode potentials of
Si-NPs/GCE

3.7 Consecutive cycle’s response for Si-
NPs/GCE electrode

The modified Si-NPs/GCE electrodes sensors stabil-
ity, reliability and reproducibility were examined in
terms of their cycle responses and the received data is
presented as Fig. 8a and b. The spectra shows the
seven successive cycles of Si-NPs/GCE electrode in
presence of 4-NP (62.25 M, in 0.1 M PBS) analyzed at
100 mV/s. The cycles graphs illustrates the excellent
reproducibility in presence of 4-NP and the data were
learned from first day to till 7 days and to retain the
chemical and physical properties of the processed
sensor (Fig. 8a). The formed sensor was stored in an
ambient atmosphere, the changes in the voltammetric
cycles were further confirms for longer stability and
reproducibility. The stability of the formed sensor
was further tested for 1 month and it doesn’t receive
any much change in the cycle’s responses, this again
authorizes that the processed electrode possessed
satisfactory and greater reproducibility (Fig. 8b). The
acquired data sanction that the Si-NPs/GCE elec-
trode has enhanced stability along with good repro-
ducibility, sustainable for longer periods and
applicable for practical uses [46, 47]. The relative
standard deviation (RSD) and stability were calcu-
lated to be 1.154% 14.9%, which again justifies that
the formed exhibit a substantial reproducibility.

3.8 Chronoamperometry of the processed
Si-NPs/GCE electrode with 4-NP

The chronoamperometry is a time reliant technique,
where the potential is applied to the working elec-
trode in stages rather than continuously. The current
received from the faradaic processes arose at working
electrode and scrutinized as a function of time. The
analytes fluctuates towards the solution on the out-
ward of processed sensor. In this case, the current-
time reliant study was performed for the dispersal
and well-ordered process occurred at modified elec-
trode (Si-NPs/GCE) and changes with the custom of
analyte concentration (4-NP). The present spectra
show a specified time intervals under a set voltage
(Fig. 9). Here the time responses vs potential was
measured from 0 to 1500 s to check the working
electrode (Si-NPs/GCE) sensors selectivity & repro-
ducibility. Serial responses were observed with
respect to time for Si-NPs/GCE with respect to 4-NP.
At 0 s current response was very less (—6.985107*) but
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Table 1 Limit of detection
(LOD) and Limit of S. no. Nanostructure LOD (uM) LOQ (uM) Correlation coefficient (R?)
quantification for Si-NPs/GCE

1 Si-NPs/GCE (IPa) 0.614 1.86 0.993
2 Si-NPs/GCE (IPc) 0.512 1.55 0.999
0.00015 - ]
(a) | /\/ 0.0000
0.00010+ / -0.0001 -
< 0.00005- B / / 2 -0-0002
£ - E- |
£ 0.00000- - _— g -0-0003
= e 5 -0.0004 -
© -0.00005 o S
-0.0005 -
-0.00010 ~0.0006
-0.00015 1= ' r ' r r T -0.0007 : " " T T
-1.5 -1.0 -05 00 05 10 15 0 300 600 900 1200 1500
Potential (V) Time (s)
0.00015+ Flg 9 Amperornetric test for the Si-NPs by subsequent additions
(b) of in 4-NP in 0.1 M PBS
0.00010 - L
_ 3.9 Electrochemical impedance spectra
< 0.00005 (EIS) with Si-NPs/GCE
=
E 0.00000 1 The Electrochemical impedance spectra (EIS) is a
S technique to know the working electrode (Si-NPs/
-0.00005 GCE) resistance and conductance in presence of a
-20.000104 series of different concentrations (7.8, 15.62, 31.25,
) 62.25, 250, 500 and 1000 pM in 100 mL PBS) of 4-NP
-0.00015 r r with the frequency ranges from 0.01 to 10 kHz

-1.5 -1.0 05 0.0 05 1.0 15 (Fig. 10). In the present spectra the X-axis represent

Potential (V)
Fig. 8 a Seven consecutive cycles of Si-NPs in presence of 2500
62.25 uM (4-NP) in 0.1 M PBS at 100 mV/s, b stability test first
and after 30 days at the same conditions _ 2000+
when the time span increases with a gradual interval é 1500
at 200 s, 400 s, 600 s, 800 s, 1000 s, 1200 s and 1400 s =
current decreases to —7.32 10‘5, —8.68 10‘5, -5.39 10‘5, N 1000 -
=7.07107°, —~4.46107°, 40810~ and —4.46 10~ conse-
quently for Si-NPs/GCE electrode. The current vs 5004
time graph of chronoampherometry represent a suc-
cessive data, reveals that the prepared working 0-
electrode for sensing of 4-NP is precise, selective,

reproducible, sustainability and reliable for a long 500 1000Z' (0:51(1))0 2000 2500
time response [48, 49].

Fig. 10 Electrochemical impedance spectra of Si-NPs modified
GCE in 0.1 M PBS at different concentrations of 4-NP (a—h 7.8,
15.62, 31.25, 62.25, 250, 500 and 1000 puM)
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the ohmic whereas Y axis shows the capacitive
property in the Nyquist plot. It's well documented
that the impedance subjected from high to low fre-
quency regions respectively. The result showed that
many semicircles like curves of EIS represent that the
less charge transfer resistance received from the Si-
NPs/GCE electrode. In the present work, the blank
sample shows a state line, which describes the less
frequency with limited electron-transfer process.
When different concentrations of 4-NP were used in
the PBS and check the EIS, many wide semicircle are
in the high-frequency region was observed and it
analogous to electron-transfer at limited process. The
semicircles diameter displays the high frequency and
resistance charge transfer (Rct), responsible to control
the electron transfer rate at electrode interface. It is
well-known fact that the larger the semicircle curve
illustrates a high interfacial Rct, and resulted a poor
electrical conductivity of an active material. The
results in the form of curves (Fig. 10) reveals that
diameter of semicircle at low nitrophenol concentra-
tions are started and large in size, which is directly
associated to the higher concentrations, which may

be due to high Rct values in the Si-NPs electrode [50].
The semicircles diameter is increases with increase of
concentration of 4-NP, attributes that the Rct value is
analogous and directly proportional to the 4-NP
concentrations and that’s why the Si-NPs exhibit the
active high catalytic properties [50].

3.9.1 Probable mechanism and discussion

The microwave assisted Si-NPs exhibits very unique
characteristic such as high crystallinity, enhanced
surface area, good chemical and optical properties
[40], which are responsible for the electron trans-
portation and upsurge rate of electrical conductivity
[40—42]. The current work displayed the formation
of Si-NPs through the utilization of microwave
energy. The formed materials crystallinity, structural
and functional detail were confirmed via XRD,
FESEM, TEM and FTIR spectroscopy respectively as
described in the experimental section. The material
was successfully applied as a working electrode on
GCE as a film form to check their sensing character-
istic of 4-NP, which act as an analyte in PBS (as
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schematic Fig. 11). It's well documented that the 4-NP
is an industrial chemical and have a toxic in nature,
therefore, its required and crucial demand to analyze
their sensing characteristic via cost effective process
[1-4]. For to this a long range of different concen-
tration of 4-NP (7.8, 15.62, 31.25, 62.25, 250, 500 and
1000 pM in 100 mL PBS) was used to check the
sensing efficiency and tested in PBS with working
electrode (Si-NPs/GCE) through electro chemical
detection method. As it’s evident, from the cycle test
that the processed Si-NPs/GCE exhibit high stability
and reproducibility depends upon the performance
of formed sensor. Because of the enhanced stability,
longer reproducibility, the sensor can be utilized for
the environmental and industrial samples to deter-
mine the 4-NP easily in a very less time. It's assumed
that the developed Si-NPs/GCE electrode is based on
the heterogeneous catalyst, where the adsorption and
conductance takes place on surface layer of Si-NPs/
GCE. Various changes occurred in the spectrum, once
the Si-NPs in the form of liquid slurry pasted on GCE
and it (Si-NPs/GCE) was immersed in the PBS for to
check the current and potential with a varied con-
centration of analyte (4-NP). The atmospheric oxygen
has ability to physio-adsorb on the surface layer of Si-

@ Springer

NPs/GCE. It has a probability to interchange the
places on surface of Si-NPs/GCE and help to gets
ionized (O ,4¢) via the elimination of electron from
the conduction band and changes into their oxidized
(O™ or O*) form on Si-NPs/GCE surface (as illus-
trated in Fig. 12). The modified electrode (Si-NPs/
GCE) generates a charge layer between the SiNPs and
analyte [51, 52]. The Si-NPs/GCE surface adsorbs this
oxygen, which exhibit the capability to amplify the
potential of Si-NPs/GCE and also to improve the
resistance in the formed processed assembly (Fig. 12).
Based on the obtained results it leads a reduction in
conductance and increase in potential of the formed
(S5i-NPs/GEC) electrode [51, 52]. In this experiment,
once the change in concentration (low to high) of
analyte (4-NP) happens, provides higher efficiency.
The received sensor data influences on the basis of
formed nanostructured geometry, pH, electrolyte,
electrode preparation, chemical and physical prop-
erties etc. [51, 52]. The Si-NPs exhibit enhanced sur-
face to volume ratio, which increase the band gap,
good conductivity, creates a high electron trans-
portation channels and it facilitates higher sensing
aptitude [53]. The Si-NPs unveil high affinity and to
produce a fruitful environment on their surfaces and
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also allows to access the role of analyte via adsorption
process validated the higher rate of electron trans-
portation between the electrode film and analyte (4-
NP). The surface of Si-NPs film on GCE activates in
the solution of PBS with analyte (4-NP) provides full
feasibility. It directly or indirectly affects the reac-
tion/response time reflects in form of their electrical
signals/enactment of the produced sensor. The Si-
NPs plays a crucial role for to speedy reaction process
with initially surface adsorbed oxygen on GCE, also
accelerate the conductance and sensing response of
4-NP [51, 52]. A detailed compared table is also
presented with different material (metal, oxide and
polymeric) sensing with 4-NPs (Table 2), which
shows an efficacy of the processed sensor [53-76].

4 Conclusions

The summary of the present work demonstrates that
the microwave assisted formed Si-NPs was utilized
as a sensing material against industrial compound
4-nitrophenol. The prepared material Si-NPs were
well analyzed to access their structural (FESEM and
TEM), chemical and electrochemical studies. Initially,
the processed nanoparticles (Si-NPs) was character-
ized via XRD for to access their crystalline, phase and
particles diameter of the formed powder, which
reveals that the processed material is highly crys-
talline in nature and have a perfect phases of silicon
particle with ~4 nm crystallite in size. The mor-
phology of NPs was retrieved through FESEM, which
shows that the individual particles size is very small
~ 4 nm with spherical in shape and justifies with size
distributation data. The structural detail was further
confirmed through TEM and it is well justifies with
FESEM observations. The grown powders chemical
characteristic in terms of functional detail was also
examined via FTIR spectroscopy. The prepared
working electrode Si-NPs/GCE was applied to check
the sensing detection of 4-NP. The long range of low
to high concentration of 4-NP (7.8, 15.62, 31.25, 62.25,
250, 500, 1000 uM in PBS) was opted to check their
electrochemical studies, which reveals good feasibil-
ity with the Si-NPs/GCE. The effect of different
potential was also accessed from 5 to 100 mV with Si-
NPs/GCE electrode. The reproducibly and sustain-
ability of formed Si-NPs/GCE were also accessed
and found that the formed sensor is in the arrange-
ment of Si-NPs/GCE working electrode exhibit

enough stability, reproducible and sustainability for
the longer period. The chronoamperometry (0-1500 s)
and electrochemical impedance spectra (EIS, 7.8 to
1000 pM/100 mL PBS) were also checked, which
reveals the performance of formed sensor. Based on
the acquired results and their discussions a possible
mechanism was also described.
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