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Monodispersed  PEG-coated  ZnS  (P-ZnS)  nanoparticles  (NPs)  were  synthesized  by  facile  microwave  pro-
cess  and utilized  as  efficient  electron  mediators  for  the fabrication  of  highly  sensitive  hydrazine  chemical
sensor.  The  detailed  morphological  and  structural  properties  revealed  the  monodispersity  and  good  crys-
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tallinity  for  synthesized  P-ZnS  NPs.  A high-sensitivity  of  ∼89.3  �A  cm �M and  low  limit  of  detection
of  1.07  �M,  based on  S/N  ratio,  were  obtained  for the fabrication  of  hydrazine  chemical  sensor  based  on
P-ZnS  NPs.  To  the  best of  our  knowledge,  this  is the  first  report  which  demonstrates  the  utilization  of
P-ZnS  NPs  for  the  fabrication  of  efficient  hydrazine  chemical  sensor.  By  this  work,  it could  be  concluded
that  simply  synthesized  ZnS  NPs  can  be  used  as  efficient  electron  mediators  for the  fabrication  of  effective

rs.
mperometry hydrazine  chemical  senso

. Introduction

With recent advances in nanotechnology, nanoparticles (NPs)
ased electrochemical detection of hazardous compounds has
rawn a considerable attention from scientists as the unique prop-
rties of NPs result into a very high sensitivity. In this regard,
any achievements have been made in the field of amperomet-

ic and voltammetric electrochemical sensors [1–3]. Among various
lectrochemical sensors, the hydrazine sensors have gained consid-
rable attention because of its large applicability and high toxicity.
ydrazine possesses many practical applications in various fields,

o name a few, pharmaceutical intermediates, photographic chemi-
als, corrosion protection treatments for boilers, rocket propellants,
esticides, fuel cells, etc. [4]. In spite of its numerous advantages,
ydrazine is neurotoxin in nature and has been classified as human
arcinogen by Environmental Protection Agency (EPA). The toxic
ature of hydrazine limits its applications; hence there is a real need
f highly sensitive, simple and economic methods for determina-
ion of hydrazine. Various methods for the detection of hydrazine
ave been reported in the literature which includes chemilumines-
ence [5], spectrophotometry [6], coulometric titration [7], and so

n. However, the electrochemical sensing methods possess a spe-
ial place and are of particular interest due to their simplicity and
ow-cost fabrication process.

∗ Corresponding author. Tel.: +91 172 2534423; fax: +91 172 2545074.
E-mail  addresses: skmehta@pu.ac.in (S.K. Mehta), ahmadumar786@gmail.com

A. Umar).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.07.089
© 2011 Elsevier B.V. All rights reserved.

Among various II–VI semiconductor nanostructured materials,
zinc sulphide (ZnS) possesses a special place due to its useful prop-
erties and wide applications [1]. The properties of ZnS include its
wide band gap (3.7 eV) at room-temperature, relatively large exci-
ton binding energy (∼40 meV), high index of refraction and a high
transmittance in the visible range and so on [1, 8–11]. Due to many
useful properties, ZnS NPs are widely used in electroluminescence,
non-linear  optical devices, light emitting diodes, applications in
flat-panel displays, electroluminescence devices, photonic crystal
devices, lasers, photocatalysis, etc. [1,12–14]. Even though ZnS NPs
possess various excellent properties and used in variety of high-
efficient technological applications but yet have not been used for
electrochemical sensor applications.

In this article, a facile and very rapid method has been intro-
duced for the synthesis of monodisperse polyethylene glycol
(PEG-2000) coated ZnS (P-ZnS) NPs. It is known that due to the
high surface area, the nanoparticles surface has to be functionalized
with suitable ligands to make them stable. These ligands prevent
aggregation and precipitation of nanoparticles. In this regard, the
biocompatible polymers like PEG offer a good choice of ligands to
stabilize nanoparticles. The prepared P-ZnS NPs have been charac-
terized in detail in terms of their structural and optical properties
and efficiently utilized as effective electron mediators for the fabri-
cation of highly sensitive hydrazine chemical sensor. The fabricated
hydrazine sensor based on P-ZnS NPs exhibits a good electrocat-

alytic activity towards electrochemical oxidation of hydrazine. A
very high sensitivity and low detection limit have been achieved
from the fabricated hydrazine sensor. To the best of our knowledge,
this is the first report in which P-ZnS NPs modified Au electrode
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Fig. 1. Typical TEM images of as-synthesized PEG c

as been used for the fabrication of amperometric hydrazine
ensor.

. Materials and methods

.1.  Materials

PEG-2000 was purchased from Fluka Chemika. Zinc acetate
Zn(CH3COO)2·2H2O) (ZOAc) and thioacetamide (CH3CSNH2) (TA)
ere obtained from CDH, India. All the chemicals were used as

eceived without further purification. Deionized water (DW) was
sed for all the experiments.

.2.  Synthesis and characterization of PEG-coated ZnS
anoparticles

P-ZnS  NPs were synthesized by facile microwave process by
sing ZOAc, TA and PEG-2000. In a typical reaction process, 10 mM
f PEG was dissolved in 10 ml  DW.  Consequently, 0.005 M ZOAc
olution made in 10 ml  DW and 0.005 M TA solution prepared in
0 ml  DW were added in the prepared PEG solution. The final
olution was then placed in a domestic microwave (MW;  IFB-
0PG2S) oven at optimized reaction conditions, i.e. 60% power for
0 s. The optimized provided power supply was 230 V/50 Hz, con-
umption was 1200 W,  output power was 800 W and operation
requency was 2450 MHz. After completing the reaction, the solu-
ion was cooled at room-temperature and the obtained ZnS NPs
ere characterized in detail in terms of their morphological, struc-

ural and optical properties. The NPs were also used as efficient
lectron mediators to fabricate hydrazine amperometric chemical
ensor.

The morphological investigation of as-synthesized NPs was
one by transmission electron microscopy (TEM) at 80 kV (Hitachi
-7500) while the structural characterization was done by X-ray
iffractometer (XRD; PANalytical X’Pert PRO) measured with Cu-

� radiations (� = 1.54178 ´̊A) in the range of 10–70◦ with scan speed
f 8◦/min. To check the particle size distribution, particle size anal-

sis (PSA) was performed using Malvern Zetasizer nanoseries. To
xamine the optical properties of P-ZnS NPs, room-temperature
V–Vis spectrum (Thermo Fisher Scientific Evolution 160 UV–Vis

pectrophotometer) was recorded.
ZnS nanoparticles prepared by microwave process.

2.3.  Fabrication of hydrazine chemical sensor based on
PEG-coated ZnS nanoparticles

To  fabricate the hydrazine chemical sensor, the P-ZnS NPs
were coated on the surface of gold electrode (Au; surface
area = 3.14 mm2) which acts as a working electrode to evaluate the
sensor performance. Prior to use, the Au electrode was polished
with alumina slurry, sonicated in distilled water and dried at room-
temperature. Slurry of P-ZnS NPs was made by using butyl carbitol
acetate (BCA) and coated on the surface of Au electrode to modify
it. The modified Au electrode was  then dried at 60 ± 5 ◦C for 4–6 h
to get a uniform and dry layer over entire electrode surface.

All  electrochemical experiments have been performed at room-
temperature with a �Autolab Type-III cyclic voltammeter using
three-electrode configuration. For all the electrochemical measure-
ments, P-ZnS NPs modified Au electrode was used as working
electrode, a Pt wire as a counter electrode and an Ag/AgCl (sat. KCl)
as a reference electrode. For all the measurements, 0.1 M phosphate
buffer solution (PBS; pH 7.0) was used.

3. Results and discussion

3.1.  Morphological, structural and optical properties of
PEG-coated ZnS nanoparticles

The  general morphologies of P-ZnS products have been char-
acterized by transmission electron microscopy (TEM) and results
are presented in Fig. 1. For TEM measurement, a drop of aque-
ous solution of NPs was  placed on a copper grid and examined.
Fig. 1(a) exhibits the typical low-resolution TEM image which con-
firms the general morphology of NPs. It is clear from the micrograph
that the as-synthesized NPs are monodispersed with spherical in
shape. Most of the nanoparticles possess almost similar diame-
ter, however, few less diameter nanoparticles are also seen in the
micrograph. The typical diameters of the nanoparticles are in the
range of 11 ± 3 nm.  Fig. 1(b) exhibits the typical high-resolution
TEM images of NPs. It is clear from the micrograph that a very thin
layer of PEG is uniformly coated on the surface of the synthesized

nanoparticles (inset 1 (b)).

To  examine the crystallinity and crystal phases of as-
synthesized P-ZnS NPs, X-ray diffraction has been done and the
results are presented in Fig. 2(a). Three well defined diffraction
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Fig. 2. Typical (a) X-ray diffraction pattern and (b) particle size distribution obtained
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thesized P-ZnS NPs were used as supporting mediator for the
rom  particle size analyzer of as-synthesized PEG coated ZnS nanoparticles.

eaks have been observed in the obtained XRD pattern. The
iffraction peaks appeared at 2� = 29◦, 48.4◦ and 57.4◦ which cor-
espond to (1 1 1), (2 2 0), and (3 1 1) lattice plane, respectively.
his confirms the cubic zinc blende structure of prepared P-
nS NPs. In the obtained pattern, no characteristic peak related
ith any impurity has been observed, within the resolution limit

f the XED diffractometer which shows the pure phase forma-
ion of prepared ZnS NPs. In addition to this, the broadening
n the diffraction peaks depicts that the synthesized product is
n nanoscale. The particle size distribution of as-synthesized P-
nS NPs has been characterized by particle size analyzer (PSA).
ig. 2(b) shows the typical particle size distribution graph which
eveals that the average diameter of synthesized P-ZnS NPs is
7 nm.  The polydispersity index (PDI) of synthesized nanoparticles

s found to be 0.19 that confirms the monodispersity of synthesized
Ps.

To examine the optical properties of synthesized P-ZnS NPs,
V–Vis spectrum was recorded at room-temperature. For UV–Vis
easurements, the synthesized products were ultrasonically dis-

ersed in water and 1 ml  of this solution was used for analysis. PEG
as taken as a reference. Fig. 3 depicts typical UV–Vis spectrum of

ynthesized P-ZnS NPs that shows a well-defined absorption peak
t 293 nm.  It is well known that the relationship between absorp-
ion coefficient and the incident photon energy of semiconductors
an be obtained by using Tauc’s formula (Eq. (1)).
˛h�) = A(h� − Eg)n (1)
Fig. 3. Typical UV–Vis spectrum of as-synthesized PEG coated ZnS nanoparticles
prepared  by facile microwave process.

where  ̨ is the absorption coefficient, A is constant, and n is equal to
½ for a direct transition semiconductor and 2 for indirect transition
semiconductor. Therefore, by considering the Tauc’s equation, the
optical band gap (Eg) can be experimentally obtained from absorp-
tion coefficient. The calculated optical band gap for the synthesized
P-ZnS NPs is 4.23 eV, which is considerably higher and blue shifted
from the bulk zinc blende ZnS with optical band gap of 3.65 eV.
This phenomenon may  be due to the quantum size effect of the
synthesized structures with the appearance of blue shift.

The  growth of P-ZnS NPs can be well understood based on the
chemical reactions involved in the synthesis process. During the
reaction, ZOAc dissociates into zinc ions (Zn2+) and acetate (Ac¯)
ions. Similarly, the fast heating in microwave process in the pres-
ence of PEG accelerates the decomposition of thioacetamide to
provide S2− ions. This phenomenon can be understood through a
simple chemical reaction mentioned below:

CH3CSNH2 + H2O
MW−→CH3CONH2 + H2S

H2S → 2H+ + S2−

The nucleation of ZnS occurs due to the reaction between Zn2+

and S2− ions according to the chemical reaction mentioned below:

Zn+2 + S2− → ZnS

The initially formed ZnS nuclei act as building blocks for the
formation of final product. With time under proper reaction con-
ditions, the concentration of ZnS nuclei increases which leads the
formation of final products.

During  the reaction, PEG gets adsorbed on the surface of ZnS
NPs with their hydrophilic –OH groups spread out into water. Fig. 4
illustrates a typical stabilization structure of ZnS NPs by PEG in
aqueous solution. Therefore, as a final product, P-ZnS NPs were
obtained under the reaction conditions employed.

3.2. Electrochemical hydrazine chemical sensor performance of
P-ZnS NPs modified gold electrodes

For the fabrication of hydrazine chemical sensor, the syn-
modification of Au electrode The modified electrode was used
as a working electrode to determine the electrochemical activity
towards hydrazine oxidation using cyclic voltammetry. The cyclic
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Fig. 4. Schematic presentation of stabilizing structure of PEG coating on surface of
ZnS NPs.

Fig. 5. Cyclic voltammetric sweep curve for the P-ZnS NPs/Au electrode without
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Fig. 6. (a) Cyclic voltammograms obtained for P-ZnS NPs/Au electrode in 0.1 M PBS

cated sensor is demonstrated in the inset of Fig. 7(a). It exhibits that
ydrazine  (dashed line) and with 1 mM hydrazine (solid line) in 0.1 M PBS (pH 7.0).
he scan rate was  50 mV s−1.

oltammograms (CV) of the hydrazine using P-ZnS NPs modified
old (P-ZnS/Au) electrode in a 0.1 M phosphate buffer solution (PBS)
pH 7.0) with 1 mM hydrazine (solid line) and without hydrazine
dotted line), at a scan rate of 50 mV  s−1, are shown in Fig. 5.

It is apparent from the obtained CV graph that in the absence
f hydrazine, the P-ZnS NPs modified Au electrode does not show
ny redox peak in the potential range of −0.1 to 0.8 V. However,
n the other hand, when used in the presence of hydrazine at the
ame experimental conditions and setup, a significant enhance-
ent in anodic peak at potential +0.21 V and current 6.9 �A have

een observed. The electrochemical response of hydrazine is irre-
ersible as no cathodic current is observed in the reverse sweep.
hese observations conclude that the synthesized P-ZnS NPs are
ffective mediator for efficient detection of hydrazine.

To check the effect of scan rates, the cyclic voltammograms of
-ZnS NPs modified Au electrode was examined at various scan
ates, from 50 mV  s−1 to 800 mV  s−1, in 0.1 M PBS buffer solution
pH 7.0), containing 1 mM hydrazine. Fig. 6(a) shows typical CV
esponses of P-ZnS NPs modified Au electrode at various scan rates.
t is clear that with increasing the scan rates, the peak current is
lso increasing. Interestingly, at different scan rates, slight shifts
n the anodic peak potentials were also observed in the range of
0.21 to +0.32 V. Fig. 6(b) depicts a plot for the anodic (Ia) peak
urrents versus the square root of the scan rates (�1/2). The anodic
eak current exhibits a linear dependence with square root of scan
ates. The number of electrons involved in overall reaction (n) can

e calculated from Randles–Sevcik equation (Eq. (2))

p  = (2.69 × 105)n3/2AD1/2v1/2C (2)
containing 1 mM hydrazine at various scan rates from 50 mV  s−1 to 800 mV s−1. (b)
Plot  for the anodic peak current versus the square root of the scan rates (�1/2) in
same  solution.

where n is the number of electron equivalent exchanged during the
redox process, A (cm2) is the active area of the working electrode, D
(cm2 s−1) and C (mol cm−3) are the diffusion coefficient and the bulk
concentration of hydrazine and v is the voltage scan rate (V s−1). The
total number of electrons involved in oxidation is estimated to be 2.
Thus the mechanism for oxidation of hydrazine at ZnS/Au electrode
can be proposed as [15].

N2H4 + 5/2OH− → 1/2N−
3 + 1/2NH3 + 5/2H2O + 2e−

To investigate, in detail, the sensor performance of P-ZnS NPs
modified Au electrode, amperometry experiments have been car-
ried out under stirred conditions. The results are demonstrated in
Fig. 7. The stirring condition could enhance the current sensitivity in
the amperometric experiments. Fig. 7(a) gives the typical ampero-
metric response of the P-ZnS NPs modified electrode on a successive
addition of hydrazine from 0.1 �M to 1 �M at constant potential in
0.1 M PBS solution at pH 7.0. Interestingly, it is observed that after
each addition of hydrazine, a rapid increase in current was observed
in amperometric measurements. The modified electrode exhibits
fast electron exchange behavior as the response time to achieve 95%
of the steady-state current was  within 3 s. A relationship between
the response current and hydrazine concentration for the fabri-
with increasing the hydrazine concentrations, the response current
also increases linearly. The calculated correlation coefficient (R) is
estimated to be R = 0.9906. Fig. 7(b) shows the calibration curve of
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Table 1
Comparison of analytical performances of various electrode-based hydrazine sensors.

Electrode materials Sensitivity (�A cm−2 (M−1) Detection limit (�M) Response time (s) Linear range Ref.

ZnO nanorods 4.76 2.2 <10 0.2–2.0 �M [16]
SWCNT  and catechin hydrate 0.183 2.0 – 0.5 �M–1 mM [17]
C@ZnO  nanorods 9.4 0.1 <4 0.1–3.8 mM [18]
Carbon  nanotube powder 0.9944 NA <3 NA [19]
Nano-Au/Ti  1.117 42 – 0–40 mM [20]
BiHCF-modified CCEs 4.2 3 – 7 �M–1.1 mM [21]
Nickel  hexacyanoferrate 0.26 2.28 <3 1 �M–50 mM [22]
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Carbon  nanotube-wired ZnO nanoflower 3.49 

Ru-complex  films –
PEG-coated  ZnS NPs 89.3 

he fabricated amperometric hydrazine sensor. From slope of cali-
ration curve, the sensitivity of P-ZnS NPs based hydrazine sensor
as been found to be 89.3 �A cm−2 �M−1. The obtained sensitivity

or the fabricated hydrazine sensor is much higher than the other
eported hydrazine chemical sensor fabricated based on ampero-
etric principle such as ZnO nanorods [16], SWCNT and catechin

ydrate [17], Carbon coated ZnO nanorods [18], carbon nanotube
19], nano-Au/Ti electrode [20], BiHCF-modified CCEs [21], nickel
exacyanoferrate [22], Carbon nanotube wired ZnO nanoflowers
23], Ru-complex films [24] etc. In addition, the calculated detec-
ion limit estimated based on signal to noise ratio (S/N), is found to
e 1.07 �M.  To the best of our knowledge, this is the first report in

hich P-ZnS NPs were used to modify Au electrode for the fabrica-

ion of highly sensitive hydrazine sensor. To exhibit the superiority
f the prepared P-ZnS NPs based hydrazine sensor, a comparison of
he characteristic and performances of the fabricated sensor with

ig. 7. (a) Amperometric response of the P-ZnS NPs/Au electrode with successive
ddition  of hydrazine into 0.1 M PBS buffer solution (pH 7.0). (b) The plot of 1/Current
s  1/Concentration exhibiting a linear relationship with the steady state current and
ydrazine concentration.

[
[
[

8 <3 0.1–3.8  mM [23]
 – 10 �M–10 mM.  [24]
73 <3 1 �M–3  mM This work

already reported hydrazine sensors has been made based on the uti-
lization of different materials as the working electrode (Table 1). By
comparing the performances and characteristics, it is clear that the
fabricated P-ZnS NPs based hydrazine sensor exhibits an excellent
performance.

4. Conclusions

In summary, a very facile and rapid synthesis method has been
developed to produce monodispersed PEG-coated ZnS nanopar-
ticles (P-ZnS NPs). The synthesized P-ZnS NPs exhibits good
structural and optical properties. From application point of view,
the synthesized nanoparticles have been used as efficient elec-
tron mediators for the fabrication of highly sensitive hydrazine
chemical sensor. The obtained sensitivity and detection limit for
the fabricated hydrazine chemical sensor have been found to be
∼89.3 �A cm−2 �M and 1.07 �M,  respectively. To the best of our
knowledge, this is the first report in which a very high sensitiv-
ity and low-detection limit have been observed for the hydrazine
sensor fabricated based on P-ZnS NPs. By this work, it could
be concluded that P-ZnS NPs can be used for the fabrication of
highly sensitive hydrazine sensor with fast response time and low-
detection limit.
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