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Abstract

Background: A facile and sensitive electrochemical sensor platform has been explored based on gold
nanoparticles (Au NPs) dispersed in amine-functionalized three-dimensional (3D) silicate sol–gel network for
((aminopropyl)triethoxysilane (APS)-Au NPs) for multi-analytes such as hydrazine, sulfite, and nitrite.

Methods: Au NPs dispersed silicate network was prepared via a single-step chemical reduction strategy. The Au NPs-
based sensor platform was fabricated through drop-cast on a glassy carbon (GC) electrode.

Results: The fabricated APS-Au NPs-based sensor was characterized by ultraviolet–visible (UV–Vis) spectroscopy, cyclic
voltammetry (CV), and scanning electrochemical microscopy (SEM). The resultant sensor was employed for the
electrocatalytic and sensor applications towards hydrazine, sulfite, and nitrite in 0.1 M phosphate buffer (PB) (pH 7.2). The
APS-Au NPs sensor exhibited an excellent catalytic activity in the absence of any other electron transfer
mediators/enzyme immobilized at the electrode surface. The electrocatalytic oxidation of hydrazine, sulfite,
and nitrite occurs at ~40, ~170, and ~550 mV, respectively, which is lesser positive potential of ~810, ~735,
and ~393 mV for the oxidation of hydrazine, sulfite, and nitrite, respectively, than that of the bare GC
electrode. Moreover, the present sensor showed low detection limits of 10 nM, 100 nM, and 1 μM for
hydrazine, sulfite, and nitrite respectively.

Conclusions: APS-Au NPs sensor highlights the successful design for sensitive detection of multi-target
analytes for food safety and environmental monitoring applications.

Keywords: Gold nanoparticle, Silicate network, Modified electrode, Electrocatalysis, Electrochemical sensor
Background
Nanostructured materials offer a wide range of research
and development possibilities in diverse areas of photon-
ics, electronics, material science, catalysis, and sensors
due to their high surface area to volume ratios and can
easily be designed to improve the specific reaction and
requirements (Alammari et al. 2015; Govindhan et al.
2016; Hu and Dai 2016). The metal and semiconductor
nanoparticles has gained enormous interest on the elec-
trochemical interfaces to develop the electrochemical
nanoscale systems for various catalytic and sensor appli-
cations (Alammari et al. 2015; Keeley et al. 2016; Wang
et al. 2016; Wang et al. 2015). The metal nanoparticles
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play a key role in catalytic and electrocatalytic reactions
which may empower numerous functionalities to line up
for the targeted applications because of the interactivity
of essential nanostructured sensor elements with their im-
mediate local environments (Chen and Chatterjee 2013;
Govindhan et al. 2014, Huber et al. 2015; Maduraiveeran
and Ramaraj 2009). Especially, gold nanoparticles (Au NPs)
have found use in areas ranging from chemical separations
and sensing to direct applications in the medical,
food, and environmental community due to their
unique chemical, optical, and electronic properties
(Huber and Leopold 2016; Moghimi et al. 2015;
Wang et al. 2015; Zhang et al. 2017).
In recent years, Au NPs have been the subject of

strong interest in areas of materials science, environ-
mental and energy science, biotechnology, and organic
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chemistry for their function as molecular markers, diag-
nostic imaging, catalysis, and sensors (Govindhan et al.
2015; Govindhan and Chen 2015; Sabri et al. 2014). In
particular, Au NPs have received considerable devotion
in various key electrocatalytic reactions and sensor appli-
cations towards CO, methanol, oxygen, hydrogen perox-
ide, NADH, glucose, and catechol, and etc. (Govindhan
et al. 2015; Maduraiveeran and Ramaraj 2007a, b; Zhang
et al. 2015). The silica-based materials have been
employed for the modification of the electrode surface
among the wide range of materials, and they have attracted
considerable attention for chemical and biological catalytic
and sensing because of the high reactivity of the surface si-
lane, groups, tunable porosity, high thermal stability, and
chemical inertness, enabling the immobilization of differ-
ent molecules through silane coupling chemistry (Bharathi
and Lev 2000; Maduraiveeran and Ramaraj 2007a, b). In
the 1980s, the sol–gel chemistry has been utilized for
the fabrication of the modified metal such as gold
(Au), platinum (Pt), and silver (Ag) interfaces (Gong
et al. 2014, Jena and Raj 2015, Sampath and Lev
1996). Numerous sensor platforms based on metal
nanoparticles dispersed silicate matrices have been re-
ported for environmental and biomedical applications
(Adams et al. 2011; Jena and Raj 2007; Matsuhisa
et al. 2013).
Hydrazine is widely used as high-energy propellants in

rockets and spacecraft by the military, aerospace indus-
tries and fuel for zero-emission fuel cells, and it has been
reported that hydrazine has been implicated in terrorist
incident. Due to the carcinogenic and mutagenic effects, it
is considered as a neurotoxin (Malik et al. 2016; Zhao
et al. 2016). The poisoning of hydrazine causes vomiting,
severe irritation of the respiratory tract, and eventually in
long-term effects on the central nervous system. In
addition, hydrazine is supposed to be oxidized by peroxi-
dases in human body into reactive intermediates adept of
affecting a variety of side effects containing DNA damage.
Sulfites are sulfur-based preservatives that have been
employed to prevent or reduce discoloration of light-
colored fruits and vegetables, prevent black spots on
shrimp and lobster, inhibit the growth of microorganisms
in fermented foods such as wine, condition dough, and
maintain the stability and potency of certain medications.
It is also used to bleach food starches to prevent rust and
scale in boiler water that is used to steam food and even
in the production of cellophane for food packaging. Owing
to the antioxidant and inhibitory characteristics in enzym-
atic or microbial activity in beverage, food, and pharma-
ceutical products, sulfite is utilized as a preservative for
various food and meat products (Amatatongchai et al.
2015; Grings et al. 2013; Zhou et al. 2014).
Nitrite is widely considered as nitrate’s partner in

environmental crime and in many respects can be
measured to be the more dangerous of the two in terms
of the potential influence of excessive concentrations on
the health of humans and aquatic organisms. In many
cases, nitrite is used as a preservative compound in nu-
merous food materials and products, and it is present
widely in the environment, beverages, and food products
(Quan et al. 2005; Quan and Shin 2010). Therefore, the
development of effective catalytic and sensing methods
for the detection of hydrazine, sulfite, and nitrite is
essential due to their importance in industry, food,
water, and biological fluids and its toxicity. Among other
analytical methods, electrochemical methods are embry-
onic in self-contained, compact, and low cost, with min-
imal power requirements. In addition, electrochemical
sensor offers rapid response and high sensitivity and
selectivity providing quantitative analytical information.
It is an effort to develop an Au nanostructure-based elec-

trochemical sensor platform for the sensitive detection of
multiple toxic analytes such as hydrazine, sulfite, and ni-
trite, which usually exist in food products and environment.
A simple and effective sensor platform is explored based on
APS-Au NPs modified glassy carbon (GC) electrode in
neutral solution with less positive electrochemical potential,
which reduce enormous electrochemical oxidation poten-
tial without any enzymes immobilized on the electrode
surface. Furthermore, the developed sensor platform is pro-
ductively tested for the sensitive detection of hydrazine,
sulfite, and nitrite in 0.1 M PB (pH 7.2). The APS-Au NPs-
modified GC electrode exhibited less positive oxidation
potential, rapid response, and low detection limit towards
hydrazine, sulfite, and nitrite.

Methods
Materials
(3-(Aminopropyl)triethoxysilane and hydrogen tetrachlo-
roaurate were purchased from Aldrich. Hydrazine,
sulfite, and nitrite were purchased from Merck, and
freshly prepared analytes of hydrazine, sulfite, and nitrite
were utilized for all catalytic and sensor measurements.
For all experiments, doubly distilled water was used and
all glassware were carefully cleaned with aqua regia (3:1
HNO3/HCl (v/v)) and rinsed extensively with doubly
distilled water before use.

Measurements
The electrochemical experiments were performed using
a EG&G PAR 283A Potentiostat/Galvanostat controlled
by the M270 software. A conventional two-compartment
three-electrode cell was used for all electrochemical
measurements studied. The reference electrode was a
Ag/AgCl electrode. GC electrode was employed as the
working electrode with a diameter of 3 mm and plat-
inum foil utilized as the counter electrode. The GC elec-
trode was twice physically polished with alumina powder
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(200–300 mesh) followed by sonication in double dis-
tilled water for 3 min. All electrochemical experiments
were conducted in deaerated 0.1 M PB at pH 7.2. Agilent
8453 diode array UV–visible spectrophotometer was used
for UV–Vis measurements. The surface characterization
was studied by scanning electron microscopy (SEM) im-
ages with a HITACHI MODEL S-3000H scanning elec-
tron microscope. All the electrochemical experiments
were performed with freshly prepared solutions, and
nitrogen was used to deaerate all experimental solutions.

Fabrication of sensor platform
APS-Au NPs were synthesized by a simple chemical re-
duction strategy (Bharathi et al. 1999). In typical, total of
10 mL of sol with molar ratios of 100:0.1, 100:1, and
100:10 (3-(aminopropyl)triethoxysilane (APS)/HAuCl4)
were prepared by dissolving appropriate amount of APS
and Au salt in methanol and 1 mL of 0.01, 0.1, and
1.0 M HAuCl4. A clear yellow-colored solution was
obtained and the solution. The primary mixture of pre-
cursors was sonicated for 10 min and then 0.1 mL of
0.1 M HCl and 1 mL of water were added to the solu-
tion. A freshly prepared 0.05 mL 5% NaBH4 was added
to the mixture to reduce the HAuCl4. For the prepar-
ation of GC electrode modified with APS-Au NPs
(designated as APS-Au NPs electrode), the colloidal
solution of the as-synthesized APS-Au NPs was coated
on the cleaned GC electrode surface by taking 5 μL of
APS-Au NPs and then allowed to dry in air. The re-
sulted APS-Au NPs modified electrode was employed
for further electrochemical measurements.
Fig. 1 a Absorption spectrum of APS-Au NPs in solution. Inset: absorption
APS-Au NPs electrode recorded in 0.1 M H2SO4, at a scan rate of 50 mVs−1.
Results and discussion
Characterization of APS-Au NPs
UV–visible absorbance spectroscopy was employed for
the optical characterization of the prepared APS-Au NPs
in solution as well as the film. As shown in Fig. 1a, the
collective excitation of the free electrons of the APS-Au
NPs in solution produced the surface plasmon band at
516 nm. The surface plasmon resonance (SPR) absorp-
tion band showed at 520 nm for the APS-Au NPs film
coated on the glass slide revealed that the Au NPs were
stable. The gold nanoparticle size was not altered in the
film state, which is clearly seen in Fig. 1a (inset). A 4-nm
redshift in the SPR absorption band was observed for
the Au NPs due to the APS silicate sol–gel binding on
the Au NPs.(Chen et al. 2015) The electrochemical be-
havior of the APS-Au NPs at the GC electrode was stud-
ied to understand the electrical communication between
the APS-Au NPs in the film at the GC electrode surface.
The CV response of the APS-Au NPs electrode was

recorded in 0.1 M H2SO4. The APS-Au NPs electrode
exhibited a sharp oxidation peak at ~920 mV and a
reduction peak at ~470 mV, which was the characteristic
of the reduction of surface oxides of Au (Fig. 1b). This
result suggested that the Au NPs were strongly immobi-
lized in APS silicate sol–gel film and they were in elec-
trical contact with each other. The charge efficiency (CE)
is defined as the ratio between the anodic (Qa) and cath-
odic process (Qc) as CE =Qa/Qc = 7 (Ghilane et al. 2007).
Moreover, the higher value of charge efficiency suggests
that more amounts of Au NPs were immobilized inside
the silicate sol–gel network.
spectrum of APS-Au NPs film coated on glass slide. b CV curve of the
SEM images of the c APS and d APS-Au NPs film
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The surface morphology of the APS-Au NPs film was
examined by SEM. Figure 1c, d displays the SEM images
observed for APS silicate sol–gel film and Au NPs em-
bedded in APS silicate sol–gel network respectively. The
image of the plain APS silicate sol–gel network showed
a clear image, as shown in Fig. 1c. Figure 1d clearly
displays the uniform distribution of Au NPs throughout
the APS silicate sol–gel network. The Au NPs buried
inside the silicate sol–gel film are clear with haze/blur
image, as depicted in Fig. 1d.

Electrochemical hydrazine sensor
The developed APS-Au NPs electrode was tested for the
electrocatalytic oxidation of 250 μM hydrazine in 0.1 M
PB (pH 7.2). Figure 2a shows the CV curves obtained for
the electrocatalytic oxidation of hydrazine at different
amounts of Au NPs dispersed in the APS silicate sol–gel
matrix. The presence of the lower amount of Au NPs
(Si:Au = 100:0.1)) in the silicate film showed an ill-defined
voltammogram, as shown in Fig. 2a. Even the higher
amount of Au NPs embedded in the silicate network
(Si:Au = 100:10) showed a ~50 mV more positive potential
shift with a small decrease in the anodic current for hydra-
zine oxidation (Fig. 2a when compared to the ratio of
Si:Au = 100:1 in APS-Au NPs electrode (Fig. 2a). The
excellent electrocatalytic activity was observed for the oxi-
dation of hydrazine at the APS-Au NPs with Si:Au =
100:1. The molar ratio of Si:Au = 100:1 (APS-Au NPs) was
optimized ratio for the oxidation of hydrazine.
Fig. 2 a CV curves of the APS-Au NPs (Si:Au = 100:0.1 (a), 100:1 (b), and 100
50 mV s−1. b CV curves of the APS-Au NPs (Si:Au = 100:1) electrode wit
(f), and 150 (g) mV s−1 for 250 μM hydrazine. Inset: the plot of anodic
APS-Au NPs (Si:Au = 100:1) electrode recorded for 250 (a), 500 (b), 750
Electrolyte, 0.1 M PB (pH 7.2). d The corresponding calibration plot
The rate of heterogeneous electrochemical reaction of
hydrazine oxidation was calculated (Maduraiveeran and
Ramaraj 2007b) from the CV data as 8.46 × 10−4 mol s−1

cm−2 at the APS-Au NPs electrode. The electrocatalytic
activity of Au NPs on the electrode surface mainly
depends on the amount of Au NPs dispersed in the APS
silicate sol–gel network. For the controlled experiments,
the electrochemical oxidation of hydrazine was tested
at the bare GC electrode. As shown in Additional
file 1: Figure S1A, the oxidation of hydrazine was
occured at ~850 mV at the bare GC electrode. Inter-
estingly, the hydrazine oxidation at the APS-Au NPs
modified GC electrode occurred at ~40 mV, which
is ~810 mV less positive than that of the bare GC
electrode. It is interesting to observe such a very
large decrease in the oxidation potential in the absence of
any redox mediator at the modified electrode. This result
suggests that the APS-Au NPs electrode showed excellent
electrocatalytic activity towards the hydrazine oxidation.
The large decrease in the electrochemical hydrazine
oxidation potential with a substantial increase in the
anodic current suggested a faster electron transfer re-
action on the APS-Au NPs owing to the high cata-
lytic effect of the Au NPs, which led to a sharper and
more well-defined peak.
The effect of scan rate was explored where a gentle

increase in peak current was observed at the APS-Au
NPs electrode for the electrocatalytic oxidation of hydra-
zine as shown in Fig. 2b. The corresponding plot of the
:10 (c)) electrodes recorded for 250 μM of hydrazine at a scan rate of
h different scan rates of 10 (a), 20 (b), 50 (c), 75 (d), 100 (e), 125
peak current against square root of scan rate. c CV curves of the
(c), 1000 (d), 1250 (e), and 1500 μM (f) of hydrazine at 50 mV s−1.



Maduraiveeran and Ramaraj Journal of Analytical Science and Technology  (2017) 8:14 Page 5 of 10
anodic peak current against the square root of the scan
rate showed a linear response (Fig. 2b (inset)). This re-
sult indicates that the electron transfer process was a
diffusion-controlled one. Figure 2c shows the CV curves
of the APS-Au NPs electrode recorded for the every
addition of 250 μM hydrazine into 0.1 M PB electrolyte
solution led to an increase in the anodic peak current
steadily at the APS-Au NPs electrode (Fig. 2d). Ampero-
metric i-t technique was further used for the sensitive
sensing of hydrazine at the APS-Au NPs electrode.
Figure 3a, c displays the amperometric responses of

the APS-Au NPs electrode towards the sensing of hydra-
zine at the nano- and micromolar ranges. The APS-Au
NPs electrode was polarized at 50 mV, and aliquots of
hydrazine were injected into a stirred supporting electro-
lyte solution. A rapid increase in the anodic peak current
was noticed after each addition of hydrazine into the
solution, and a steady-state response was attained within
3 s. The rapid response indicates that the fast electron
transfer occurred at the electrode surface. The APS-Au
NPs electrode was found to be highly sensitive, and the
amperometric response was very stable, which offered a
linear dependence over a wide range of hydrazine con-
centrations (10 nM–12 μM). The sensitivity was found
to be 0.03 nA/nM with a correlation coefficient of 0.99,
and the experimental lowest detection limit was found
to be 10 nM. The sensitivity of the sensor is related to
the efficiency of the preconcentration of the target
analyte at the electrode, and the efficiency of the electro-
chemical process in turn depends on the accessible
surface area of the working electrode.
Fig. 3 Amperometric response of the APS-Au NPs electrode recorded for t
hydrazine at regular interval. b, d The corresponding calibration plots
Electrochemical sulfite sensor
The electrocatalytic oxidation of sulfite was explored at
the APS-Au NPs electrode. Figure 4a shows the CVs
obtained for the oxidation of sulfite in the presence of dif-
ferent amounts of Au NPs in the APS silicate matrix. The
Au NPs (Si:Au = 100:0.1) electrode showed an ill-defined
voltammogram, as shown in Fig. 4a. The presence of high
amount of Au NPs in the silicate network (Si:Au = 100:10)
exhibited an anodic peak at ~300 mV, which is a more
positive potential shift with a small decrease in the anodic
peak current for sulfite oxidation (Fig. 4a) when compared
to Si:Au = 100:1 in APS-Au NPs electrode (Fig. 4a). The
APS-Au NPs (Si:Au = 100:1) electrode showed a well-
defined voltammetric response held at ~170 mV for the
oxidation of sulfite. The bare GC electrode exhibited an
oxidation peak at ~905 mV towards sulfite oxidation, as
shown in Additional file 1: Figure S1B. The APS-Au NPs
(Si:Au = 100:1) electrode showed lesser positive oxidation
potential for sulfite about 735 mV than that of the bare
GC electrode. The rate of the electrode reaction was esti-
mated to be 3.24 × 10−4 mol s−1 cm−2 at the APS-Au NPs
electrode for the oxidation of sulfite.
The effect of the scan rate was studied at the APS-Au

NPs electrode. A gentle increase in the peak current was
observed with an increase in the square root of the scan
rate at the APS-Au NPs electrode as displayed in Fig. 4b.
The inset in Fig. 4b shows the plot of anodic current
against the square root of the scan rate, which showed a
linear response. The obtained linear response was due to
the attribution of the diffusion-controlled electron transfer
process occurred at the surface of the APS-Au NPs
he sensing of hydrazine upon each addition of a 10 nM and c 1 μM of



Fig. 4 a CV curves of the APS-Au NPs (Si:Au = 100:0.1 (a), 100:1 (b), and 100:10 (c)) electrodes recorded for 250 μM of sulfite at a scan rate of
50 mV s−1. b CV curves of the APS-Au NPs (Si:Au = 100:1) electrode with different scan rates of 10 (a), 20 (b), 50 (c), 75 (d), 100 (e), 125 (f) and 150
(g) mV s−1 for 250 μM sulfite. Inset: the plot of anodic peak current against the square root of scan rate. c CV curves of the APS-Au NPs (Si:Au =
100:1) electrode recorded for 250 (a), 500 (b), 750 (c), 1000 (d), 1250 (e), 1500 (f), 1750 (g), 2000 (h), and 2250 (i) μM of sulfite at the scan rate of
50 mV s−1. Electrolyte, 0.1 M PB (pH 7.2). d The corresponding calibration plot
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electrode. Figure 4c displays the CV curves recorded for
various high concentrations of sulfite at the APS-Au NPs
electrode. With each addition of 250 μM sulfite, the an-
odic current was increased steadily at the APS-Au NPs
electrode. A straight line was obtained in the range of
250 μM–2.25 mM sulfite when the anodic peak current
was plotted against the concentrations of sulfite (Fig. 4d).
Fig. 5 Amperometric response of the APS-Au NPs electrode obtained for t
of sulfite at regular interval. b, d The corresponding calibration plots
Figure 5a, c presents the amperometric curves of the
APS-Au NPs electrode towards the sensing of sulfite in
various concentrations ranges, which was polarized at
200 mV. The various concentration of sulfite was
injected into a stirred 0.1 M PB (pH 7.2). After each
addition of sulfite into the electrolyte solution, an
increase in the anodic peak was noticed. A steady-state
he detection of sulfite upon each addition of a 100 nM and c 10 μM
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response was attained ~4 s. The APS-Au NPs electrode
was highly sensitive, which offered a linear dependence
over a wide range of sulfite concentrations from 100 nM
to 150 μM. The sensitivity was found to be 0.001 nA/
nM with a correlation coefficient of 0.99, and the low
detection limit was experimentally found to be 100 nM.
Electrochemical nitrite sensor
Furthermore, the electrochemical sensing of nitrite was
performed with as-established APS-Au NPs electrode.
Figure 6a presents the CV curves of the APS-Au NPs
electrode for the oxidation of nitrite in the presence of
different amounts of Au NPs at the electrode surface.
The dispersion of APS-Au NPs with Si:Au = 100:0.1 at
the surface of the GC electrode showed a less pro-
nounced CV curve, as displayed in Fig. 6a. When an
increase in the ratio of Si:Au = 100:1 was employed at
the APS-Au NPs electrode, a higher anodic peak current
was observed when compared to the APS-Au NPs
(Si:Au = 100:0.1 and 100:10) electrode. The APS-Au NPs
(Si:Au = 100:1) electrode exhibited a better electrocata-
lytic activity for the oxidation of nitrite when compared
to the other two electrodes presented in the study. The
maximum catalytic current and lowering of oxidation
potential were observed at the APS-Au NPs electrode
(Si:Au = 100:1) electrode. The dispersion of Au NPs with
different amounts in the silicate sol–gel film can influence
the electrocatalytic activity towards nitrite significantly.
Fig. 6 a CV curves of the APS-Au NPs (Si:Au = 100:0.1 (a), 100:1 (b), and 100
50 mV s−1. b CV curves of the APS-Au NPs (Si:Au = 100:1) electrode with differ
mV s−1 for 250 μM nitrite. Inset: the plot of anodic peak current against the sq
electrode recorded for 250 (a), 500 (b), 750 (c), 1000 (d) and 1250 μM (e) of nit
corresponding calibration plot
A well-defined voltammetric oxidation peak at ~550 mV
was observed for the oxidation of nitrite at the APS-Au
NPs electrode (Fig. 6a) which is ~393 mV less positive than
that at the bare GC electrode (Additional file 1:
Figure S1C). No characteristic response was observed
for the oxidation of nitrite in the potential window
used at the bare GC. This decrease in the oxidation
potential for nitrite was observed in the absence of
any other redox mediator at the APS-Au NPs elec-
trode. The APS-Au NPs as film on the electrode
surface acted as nanoelectrode and facilitated the
electron transfer process and decreased the oxidation
potential enormously towards nitrite. This implies that
the electrode possessed an excellent electrocatalytic activ-
ity towards the nitrite oxidation. The rate of nitrite oxida-
tion reaction was calculated as 2.81 × 10−4 mol s−1 cm−2 at
the APS-Au NPs electrode.
Figure 6b shows the CV curves recorded for the oxida-

tion of nitrite with increasing the scan rate. With an
increase in the scan rate, a gentle increase in the peak
current was observed at the APS-Au NPs electrode, as
presented in the Fig. 6b inset. The plot of the anodic
current against the square root of the scan rate depicted
a linear response, which suggested that the obtained
electron transfer process was diffusion-controlled at the
electrode surface. Figure 6c shows the CV curves of the
APS-Au NPs electrode recorded for various concentrations
of nitrite at the APS-Au NPs electrode. With each addition
of 250 μM nitrite into 0.1 M PB, the anodic peak current
:10 (c)) electrodes recorded for 250 μM of nitrite at a scan rate of
ent scan rates of 10 (a), 20 (b), 50 (c), 75 (d), 100 (e), 125 (f), and 150 (g)
uare root of scan rate. c CV curves of the APS-Au NPs (Si:Au = 100:1)
rite at the scan rate of 50 mV s−1. Electrolyte, 0.1 M PB (pH 7.2). d The



Fig. 7 Amperometric response of the APS-Au NPs electrode measured for the sensing of nitrite upon each addition of 1 μM (a) of nitrite at
regular interval. The corresponding calibration plots (b)
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was increased. The calibration plot (Fig. 6d) showed a
straight line when the anodic peak current was plotted
against the concentrations of nitrite in the range of
250 μM–1.25 mM.
Figure 7a displays the amperometric response ob-

served at the APS-Au NPs electrode towards the sensing
of nitrite. The APS-Au NPs electrode was polarized at
600 mV, and the aliquots of nitrite were injected into a
stirred electrolyte solution. A fast increase in the anodic
current was noticed after each addition of 1 μM of
nitrite into the solution, and a steady-state response was
attained less than 3 s. The APS-Au NPs electrode
showed high sensitivity of 21.6 nA/μM with a correlation
coefficient of 0.99. The electrochemical sensing of nitrite
offered a linear dependence over the range of 1–12 μM
nitrite. The experimental low detection limit was found
to be 1 μM. The amperometric sensing property of the
APS-Au NPs electrode was summarized in Table 1. The
effect of interferences was also performed at the studied
APS-Au NPs electrode. The active interferences are ma-
jorly presented in the environmental water, including of
0.01 M sulfate, nitrate, and other organic compound of
benzene. The amperometric response suggested that the
developed sensor platform exhibited high selectivity.
Moreover, the present sensor was stable for more than
20 days at room temperature, and the results were
reproducible.

Conclusions
In summary, a three-dimensional amine-functionalized
APS silicate sol–gel network-stabilized Au NPs-based
electrochemical sensor platform is successfully devel-
oped in the absence of any other immobilized redox
Table 1 The sensor parameters are listed

Analytes Method LOD Sensitivity Linear range

Hydrazine Amperometry 10 nM 0.031 nA/nM 10 nM–12 μM

Sulfite Amperometry 100 nM 0.001 nA/nM 100 nM–150 μM

Nitrite Amperometry 1 μM 21.60 nA/μM 1–12 μM
mediator/enzyme for hydrazine, sulfite, and nitrite. The
fabricated electrocatalyst exhibits a large decrease in the
electrochemical oxidation potential towards those ana-
lytes. Our experimental results reveal that the direct
electrocatalytic performance of the Au NPs in APS sili-
cate network is successfully utilized towards the detec-
tion of hydrazine, sulfite, and nitrite with low detection
limits of 10 nM, 100 nM, and 1 μM, respectively, from
the amperometric experimental evidences. This simple
sensor platform concretes the tactic for the fabrication
of Au NPs-based effective electrocatalytic platform for
various environmental and food safety applications.
Significance of the present study
Sensing of hydrazine, sulfite, and nitrite has attracted
considerable attention in the chemical, pharmaceutical,
agricultural, and food industries. The development of
sensitive analytical methods for the detection and deter-
mination of hydrazine, sulfite, and nitrite is essential due
to their importance in industry, food, water, and bio-
logical fluids and its toxicity. Numerous methods such
as spectrophotometry, fluorimetry, and chromatography
have been reported for the detection of hydrazine, sul-
fite, and nitrite. Among other analytical techniques, elec-
trochemical sensors are embryonic in self-contained,
compact, and low cost, with minimal power require-
ments. The electrochemical sensor also offers rapid
response, high sensitivity, and selectivity providing quan-
titative analytical information. Owing to the unique
chemical, optical, and electronic properties, Au nanopar-
ticles have attracted much attention in electrocatalysis
and sensor platforms. The metal nanoparticles embed-
ded in silica-based materials have been utilized for the
electrode modification among the wide range of mate-
rials due to their attractive chemical and biological sens-
ing properties, high reactivity of the surface silane,
groups, tunable porosity, high thermal stability, and
chemical inertness, enabling the immobilization of
different molecules through silane coupling chemistry.
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In the present study, we have fabricated Au nanoparti-
cles entrenched in amine-functionalized three-dimensional
(3D) silicate sol–gel network (APS-Au NPs)-based electro-
chemical sensor platform through a facile chemical syn-
thetic strategy for the sensitive detection of hydrazine,
sulfite, and nitrite. The as-developed sensor platform ex-
hibited an excellent direct electrocatalytic activity towards
the oxidation of hydrazine, sulfite, and nitrite in the
absence of any other electron transfer mediators/enzyme
immobilization at the electrode surface and employed as a
sensitive sensor for the detection and determination of
hydrazine, sulfite, and nitrite. The APS-Au NPs displayed
less positive potential of ~810, ~735, and ~393 mV for the
electrocatalytic oxidation of hydrazine, sulfite, and nitrite,
respectively, in comparison to the bare glassy carbon (GC)
electrode surface. The experimental amperometric detec-
tion limit was found to be 5 nM, 10 nM, and 1 μM for
hydrazine, sulfite, and nitrite at the APS-Au NPs-modified
electrode surface. The large decrease in the over potential
with a substantial increase in the peak current and high
sensitivity may be associated with a faster electron transfer
reaction at the APS-Au NPs electrode due to the high
catalytic effect of the Au NPs and the nanoelectrode
ensembles. The present study possessed major advantages
of rapid response, low detection limits, high sensitivity and
stability, capability of sensing multi-analytes for environ-
ment security, and food safety. We hope this manuscript
would attract readers in the field of nanomaterial-based
electrochemistry and be suitable for Journal of Analytical
Science and Technology.

Additional file

Additional file 1: Figure S1. CV curves of the bare GC electrode
recorded for the absence (dotted line) and the presence (solid line) of
250 μM hydrazine (A), sulfite (B), and nitrite (C) in 0.1 M PB (pH 7.2), at a
scan rate of 50 mV s−1. (DOCX 419 kb)
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