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We  report  here  the  fabrication  of a  robust,  highly  sensitive,  reliable  and  reproducible  phenyl  hydrazine
chemical  sensor  using  Ag-doped  ZnO  nanoflowers  as efficient  electron  mediators.  The  Ag-doped  ZnO
nanoflowers  were  synthesized  by  facile  hydrothermal  process  at low-temperature  and  characterized  in
detail  in  terms  of their  morphological,  structural,  compositional  and  optical  properties.  The  detailed
morphological  and  structural  characterizations  revealed  that  the  synthesized  nanostructures  were
flower-shaped,  grown  in  very  high-density,  and  possessed  well-crystalline  structure.  The  chemical  com-
g-doped ZnO nanoflowers
tructural  and optical properties
henyl hydrazine chemical sensor

position  confirmed  the  presence  of  Ag into  the  lattices  of  Ag-doped  ZnO  nanoflowers.  High  sensitivity  of
∼557.108  ±  0.012  mA  cm−2 (mol  L−1)−1 and  detection  limit  of  ∼5 × 10−9 mol  L−1 with  correlation  coeffi-
cient  (R)  of  0.97712  and  short  response  time  (10.0  s) were  observed  for  the  fabricated  chemical  sensor
towards  the  detection  of phenyl  hydrazine  by using  a simple  current–voltage  (I–V)  technique.  Due  to
high  sensitivity  and  low-detection  limit,  it can  be concluded  that  Ag-doped  ZnO  nanoflowers  could  be  an
effective  candidate  for the  fabrication  of  phenyl  hydrazine  chemical  sensors.
. Introduction

Environmental pollution caused by various means such as auto-
obiles, agricultural run offs and industrial leakages of toxic

hemicals and gases at very alarming rate pose a direct threat
o human beings and animals by accumulation, entrapment, and
uffocation inside their body [1–6]. The leakage of such toxic chem-
cals contaminates the environment and shows adverse effects to
uman beings, animals and other living organisms. Among various
oxic chemicals, the phenyl hydrazine is one of the most emerg-
ng environmental pollutants used in the preparation of pesticides,
harmaceutical, photography chemicals and aerospace fuel. Thus,

elease of phenyl hydrazine in the environment may  cause a severe
amage to ecosystem [2–6]. The exposure of this chemical, even at

ower concentration, may  cause adverse effect to the human body
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such as skin irritation, dermatitis, hemolytic anemia, liver and kid-
ney injury. In addition to this, phenyl hydrazine is also considered as
a carcinogen and thus it is necessary to detect phenyl hydrazine in
an effective manner to prevent its side effects towards human and
other living organisms [1–6]. There are few reports regarding the
determination of phenyl hydrazine through electrochemical tech-
niques where different types of redox mediators were utilized to
reduce the high over potential problems in phenyl hydrazine [1–6].
However, these methods lack high sensitivity, good stability and
reproducibility. Therefore, a reliable and robust approach for the
determination of phenyl hydrazine is still in demand.

Recently, the nanomaterials are utilized as efficient electron
mediators for the fabrication of high sensitive chemical and biosen-
sors. Among various nanostructured materials, zinc oxide (ZnO),
a II–VI semiconductor material, presents itself as one of the
most important functional material with numerous remarkable
properties favorable for fabrication of various electronic, optoelec-
tronic, sensors and other nanodevices [1]. The properties which
are responsible to make ZnO a multifunctional material are the

wide band gap (∼3.37 eV), high exciton binding energy (60 meV),
biocompatibility, high electron feature and good electrochemical
properties, simple and cost effective synthesis, non-toxicity, optical
transparency, and so forth [7–20].
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Fig. 1. Low magnification ((a) and (b)) and high-resolution (c) FESEM

It is observed that the properties of ZnO nanostructures can be
ailored for desired applications through doping, coating and sur-
ace modification [10–18]. Therefore, thus far, several metals such
s Ga [21], Mn  [22], In [23], Mg  [24], Al [25], Sb [26], Sn [27], and
g [28–30] have been utilized to dope the ZnO nanostructures for
pecific applications and reported in the literature.

Among various metals doped in ZnO nanostructures, the Ag has
ttracted particular interest due to its various properties. The dop-
ng of noble metal (Ag) into semiconductors (ZnO) enhances the
ptical properties of the resulting nanomaterials [28–30]. There-
ore, it was found that the light absorption ability of Ag-doped ZnO
hin films was enhanced [31]. In another report, an improved gas
ensing property was observed by Ag-doped ZnO nanostructures
30,32]. Even though Ag-doped ZnO possesses excellent properties
nd have been used in variety of applications, but, to the best of our
nowledge, the use of Ag-doped ZnO nanostructures as efficient
lectron mediator for the fabrication of phenyl hydrazine chemical
ensor is not reported yet in the literature.

This research focuses on the fabrication of a phenyl hydrazine
hemical sensor based on Ag-doped ZnO nanoflowers. The fab-
icated chemical sensor showed very high sensitivity and low
etection limit. This work offers few important advantages such
s facile synthesis of Ag-doped ZnO nanoflowers, simple electrode
odification and rapid detection of phenyl hydrazine using the

imple current–voltage (I–V) technique.

. Experimental detail

.1.  Synthesis of Ag-doped ZnO nanoflowers
Ag-doped ZnO nanoflowers were synthesized by sim-
le hydrothermal process using zinc nitrate hexahydrate
Zn(NO3)2·6H2O), silver nitrate (AgNO3) and ammonium
s and (d) XRD pattern of as-synthesized Ag-doped ZnO nanoflowers.

hydroxide (NH4OH) at low-temperature. All the chemicals
utilized for the synthesis of Ag-doped ZnO nanoflowers were
purchased from Sigma–Aldrich and used as received. To synthesize
the Ag-doped ZnO nanoflowers, aqueous solutions of 0.01 mol  L−1

zinc nitrate and 0.001 mol  L−1 AgNO3, were mixed under conti-
neous stirrring for 45 min  at room-temperature. The pH of the
solution was  maitained to 9.5 by adding few drops of ammonium
hydroxide. The final solution was vigorously stirred for 30 min  and
consequently transferred to teflon lined autoclave which was then
sealed and heated upto 150 ◦C for 5 h. After terminating the reac-
tion, the autoclave was  allowed to cool at room-temperature and
the obtained products were washed several times with DI water
and ethanol, sequentially and dried at 45 ◦C. The as-synthesized
products were investigated in terms of their morphological,
structural, optical and sensing properties.

2.2. Characterization of Ag-doped ZnO nanoflowers

The as-synthesized Ag-doped ZnO nanoflowers were char-
acterized in details using various analytical techniques. Field
emission scanning electron microscopy (FESEM; JEOL-JSM-7600F)
was used to investigate the general morphologies of as-synthesized
nanoflowers. The crystallinity and crystal phases of the as-
synthesized nanoflowers were examined by X-ray diffraction (XRD;
PANanalytical Xpert Pro.) with Cu-K� radiation (� = 1.54178 Å)
in  the range of 10–80◦. The chemical composition was  exam-
ined by using energy dispersive spectroscopy (EDS), attached
with FESEM and Fourier transform infrared (FTIR; Perkin Elmer-

FTIR Spectrum-100) spectroscopy in the range of 450–4000 cm−1.
UV–visible spectroscopy (Perkin Elmer-UV/VIS-Lambda 950) was
done at room-temperature to determine the optical properties of
as-synthesized ZnO nanoflowers.
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.3. Fabrication of phenyl hydrazine chemical sensor by using
urrent–voltage (I–V) technique

For  the fabrication of phenyl hydrazine sensor, the as-
ynthesized Ag-doped ZnO nanoflowers were coated on glassy
arbon electrode (GCE, surface area 0.0316 cm2). Before coating,
he GC electrode surface was polished with alumina–water slurry
n a polishing cloth, followed by thorough rinsing with distilled
ater. For the electrode surface modification, slurry was  made by

dding an appropriate composition of Ag-doped ZnO nanoflow-
rs and binder (butyl carbitol acetate). Finally, a certain amount
f the slurry was casted on GCE carefully and dried at 60 ± 5 ◦C
or 4–6 h to get a uniform and dry layer over active electrode
urface. A simple two electrode system (an electrometer; Keith-
ey, 6517A, USA) was used to evaluate the sensing performance
n which the modified electrode was used as working electrode
nd Pt wire as counter electrode. The current response was  mea-
ured from 0.0 to +2.0 V while the time delaying and response times
ere 1.0 and 10.0 s, respectively. The concentration and volume of
hosphate buffer solution (PBS) were kept constant to 0.1 mol  L−1

nd 10.0 mL,  respectively. A wide concentration range of phenyl
ydrazine (1 mol  L−1 to 10−8 mol  L−1) was used to check the sensing
erformance of fabricated phenyl hydrazine chemical sensor.

.  Results and discussion

.1.  Morphological, structural and optical properties of
s-synthesized Ag-doped ZnO nanoflowers

The general morphologies of as-synthesized Ag-doped ZnO
anomaterials were investigated by using FESEM and results
re shown in Fig. 1(a)–(c). Fig. 1(a) exhibits the typical
ow-magnification FESEM image, which confirms that the as-
ynthesized nanomaterials are flower shaped and grown in very
igh density. The as-synthesized nanoflowers are made up of sev-
ral triangular-shaped petals and possess sharp tips and wider
ases. These wider bases are connected with each other in such a
pecial fashion that they make beautiful flower-like morphologies.
he typical diameters at the tips and bases of petals are ∼70 ± 20 nm
nd 200 ± 50 nm,  respectively. The lengths of petals are in the
ange of 400–450 nm.  The typical dimension of a single flower is
400 ± 50 nm.

To  examine the structural properties and crystal phase iden-
ifications, powder X-ray diffraction (XRD) was  measured with
u-K� radiation (� = 1.54178 Å)  in the range of 10–80◦ with 2◦/min
canning speed. The observed XRD pattern exhibits well crys-
alline nature and mixed phases of Ag and ZnO for as-synthesized
anoflowers (Fig. 1(d)). Several well-defined diffraction reflec-
ions related with ZnO were observed in the obtained pattern. The
bserved diffraction reflections for ZnO (1 0 0), (0 0 2), (1 0 1), (1 0 2),
1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4) and (2 0 2) are similar to bulk
nO and corresponding to wurtzite hexagonal phase of ZnO. The
btained results are in good agreement with standard JCPDS data
ard no. 36-1451. In addition to the ZnO reflections, a small peak
orresponding to Ag (2 0 0) is also appeared at 44.04◦. Except ZnO
nd Ag, no other reflections related to impurities such as Zn and
g2O were found in the pattern.

To check the composition and purity of the as-synthesized Ag-
oped ZnO nanoflowers, the nanoflowers were investigated by
sing energy dispersive spectroscopy (EDS) and elemental map-
ing, both attached with FESEM, and shown in Figs. 2 and 3,

espectively. Fig. 2(a) exhibits the typical FESEM image of as-
ynthesized Ag-doped ZnO nanoflowers and confirms that the
anoflowers are grown in very high density. To investigate the com-
osition, a selected area of EDS spectrum from Fig. 2(a) has been
Fig. 2. Typical (a) FESEM image and (b) its corresponding EDS spectrum of as-
synthesized  Ag-doped ZnO nanoflowers.

taken and result is demonstrated in Fig. 2(b). The EDS spectrum
shows various well-defined peaks of Zn, O, and Ag. No peak related
to any other impurity was detected in the spectrum. This clearly
shows that the synthesized nanoflowers are Ag-doped ZnO.

It  is important to examine the distribution of different ions such
as Zn, O and Ag into the lattices of as-synthesized nanoflowers in
order to confirm that the substituted metal is distributed homo-
geneously over the whole crystal. Fig. 3(a) exhibits the typical
FESEM image of as-synthesized Ag-doped ZnO nanoflowers while
the Fig. 3(b)–(d) depict the corresponding elemental mapping (ele-
mental distribution along the whole crystal) for Zn, O and Ag. It is
evident from Fig. 3(b)–(d) that the number of spots corresponding
to Zn and O are higher in density and the homogenous distribution
of Zn and O is evident (Fig. 3(b) and (c)). The smaller number of spots
for Ag as compared to those for Zn and O are due to the less amount
of Ag metal doping into the lattices of as-synthesized nanoflowers
(Fig. 3(d)). Thus, the elemental mapping further confirmed that the
synthesized nanoflowers are Ag-doped ZnO.

The quality and chemical composition of as-synthesized Ag-
doped ZnO nanoflowers were investigated by FTIR spectroscopy
at room-temperature in the range of 450–4000 cm−1 and demon-
strated in Fig. 4. Several absorption peaks at 481, 891, 1382, 1623
and 3425 cm−1 were observed in the obtained FTIR spectrum. The
absorption peak appeared at about 481 cm−1 is related to a typi-
cal FTIR absorption peak of ZnO which originates from stretching
mode of the Zn O bond [10,33,34]. Two very small peaks origi-
nated at ∼891 cm−1 and ∼1382 cm−1 are probably due to the nitrate
(NO3

−) groups [35,36]. Appearance of another small absorption

peak at 1623 cm−1 could be ascribed to the bending vibration of
absorbed water and surface hydroxyl [37]. Furthermore, a well-
defined absorption peak appeared at 3425 cm−1 is related to the
O H stretching mode [37]. Except above mentioned absorption
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Fig. 3. Typical (a) FESEM image and its corresponding elemental mapping imag

ands, no other distinguished peak related to any other functional
roup is detected in the FTIR spectrum which clearly reflects that
he synthesized product is without any significant impurity.

UV–vis  spectroscopy was performed to examine the optical
roperty of as-synthesized Ag-doped ZnO nanoflowers at room-
emperature and result is reported in Fig. 5. The as-synthesized
g-doped ZnO nanoflowers exhibit a single and well-defined
bsorption band at 377 nm,  which is the characteristic band for
he wurtzite hexagonal structure of ZnO [38]. The obtained UV–vis
pectrum for Ag-doped ZnO nanoflowers does not show any signif-

cant change in the absorption spectrum due to the doping of Ag
nto ZnO lattices. The observed results are almost similar with the
lready reported literature [39].

Fig. 4. FTIR spectrum of as-synthesized Ag-doped ZnO nanoflowers.
(b) zinc, (c) oxygen and (d) silver of as-synthesized Ag-doped ZnO nanoflowers.

3.2. Phenyl hydrazine chemical sensor application of
as-synthesized Ag-doped ZnO nanoflowers

The methodology for the detection of phenyl hydrazine using
the typical current–voltage (I–V) technique has been extensively
described in the experimental detail section. In short, slurry of as-
grown Ag-doped ZnO mixed with certain amount of binder was
casted on GC electrode and dried. In two electrode I–V system, the
modified GCE was  used as working electrode while Pt wire was
employed as a counter electrode. The current response was mea-

sured from 0.0 to +2.0 V and the time delaying and response times
were 1.0 and 10.0 s, respectively.

The schematic for the fabrication of Ag-doped ZnO nanoflowers
based phenyl hydrazine chemical sensor and its mechanism have

Fig. 5. UV–vis spectrum of as-synthesized Ag-doped ZnO nanoflowers.
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Fig. 6. Schematic representation of phenyl hydrazine chemical sensor fabrication based on Ag-doped ZnO nanoflowers coated GCE electrode and its sensing mechanism by
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ibration (sensitivity) curve of the fabricated sensor is shown in
Fig. 8(b). According to the calibration curve, the calculated sensitiv-
ity of the fabricated phenyl hydrazine chemical sensor was found
imple  and facile I–V technique.

een illustrated in Fig. 6. The proposed Ag-doped ZnO nanoflow-
rs modified sensor was applied to detect phenyl hydrazine in
iquid phase. The detection of phenyl hydrazine with this modi-
ed sensor is typically attributed to the oxidation and reduction
roperties of metal oxides nanostructures (Ag-doped ZnO in the
resent case). The oxygen is very essential part of the sensing mech-
nism and the adsorption of the oxygen at nanomaterial surface
epends on the structural properties of doped material. Firstly, the
xygen is adsorbed chemically at liquid surface boundary while
he physiosorption of oxygen monolayer takes place at Ag-doped
nO nanomaterial surface from the bulk solution. The number of
efects in the Ag-doped ZnO nanomaterial surface, due to doped
etal, enhance the oxygen adsorption. It is also known that oxi-

izing behavior of nanomaterial is increased due to increase in the
mount of adsorbed oxygen. The oxygen which takes part in the
etection procedure is subsequently converted into dynamic oxy-
en species i.e. O2

− and O− depending on the available energy bands
fter extracting the electrons from Ag-doped ZnO nanoflowers sur-
ace. These procedures occur according to following reactions (1)
nd (2).

O2(g) → 2O2(ads) (1)

2(ads) + 2e−(Ag-dopedZnO) → 2O−
(ads)(O

−/O2
−) (2)

The  emission of the electrons according to reaction (2) decreases
he conductance properties and increases the resistance of Ag-
oped ZnO nanoflowers, thus, creating the holes for conduction that
lay pivotal role in phenyl hydrazine sensing. Due to the decrease

n conductance, the value of current is reduced. In second step, the
henyl hydrazine is oxidized to diazenyl benzene in the presence
f dynamic oxygen species and emits two free electrons simulta-
eously as shown in reaction (3).

NH

NH2

Phenyl hydrazine

+  O - N

NH

Diazenyl benzene

+  2e -+  2H + (3)

(3)

According  to reaction (3), the oxygen ions are consumed and the
oped nanoflowers surface captures the released electrons, conse-
uently the conducting behavior of doped nanomaterial surface is
mplified [40].
The  current responses of the sensor with and without coat-
ng of Ag-doped ZnO nanoflowers material over GCE are shown
n Fig. 7. The lower current value was observed with nanomate-
ial modified GCE compared to non-modified (no coating) GCE in
0.1 mol  L−1 PBS buffer. The decrease in current response may  be due
to the increase in the surface resistance of modified electrode sur-
face. To observe the sensor behavior in different concentration of
phenyl hydrazine solutions, the I–V signals were measured. This is
clear from Fig. 8(a) that the value of current increases substantially
from lower to higher concentrations (10−8 mol  L−1 to 1 mol  L−1)
of phenyl hydrazine. The reason of observed current behavior lies
in the fact that the ionic strength of the solution was increased
by increasing the phenyl hydrazine concentration, thus producing
more number of ions.

The  sensitivity of the fabricated phenyl hydrazine chemical
sensor was acquired by the slope of the current–concentration
calibration  profile. The sensitivity was obtained when the slope
was divided by the active surface area of electrode according
to the equation: “Sensitivity = Slope/Surface area of electrode”
(surface area of GCE is 0.0316 cm2). The calibration curve was
plotted by taking average of currents over a range of poten-
tials spanning from 0.5 to 1.1 V. The calibration data was fitted
well linearly at smaller scale concentration range (10−8 mol L−1

to 10−3 mol  L−1), from which the slope was  calculated. The cal-
Fig. 7. Typical I–V response of glassy carbon electrode (GCE) in 10 ml, 0.1 M PBS
solution:  (�) with 10−8 mol L−1 phenyl hydrazine and (�) without the presence of
phenyl  hydrazine.
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Fig. 8. (a) Typical I–V response of Ag-doped ZnO nanoflowers modified GCE towards
various  concentrations (from 10−8 mol  L−1 to 1 mol  L−1) of phenyl hydrazine into
0.1  M PBS solution (pH = 7) and (b) calibration curve.
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o be ∼557.108 ± 0.012 mA  cm−2 (mol L−1)−1. The observed sensi-
ivity of the fabricated chemical sensor is higher than the fabricated
henyl hydrazine sensor based on modified carbon paste electrode
2]. The detection limit of the fabricated phenyl hydrazine sen-
or was determined to be ∼5 × 10−9 mol  L−1 which is lower than
reviously fabricated phenyl hydrazine chemical sensors based
n modified carbon paste electrode [2], lectin glycoenzyme mul-
ilayer film modified sensor [4], horseradish peroxidase (HRP)
nhibition biosensor for determination of phenyl hydrazine [5] and
errocene-carbon nanotubes modified carbon paste electrode [6].
he correlation coefficient (R) of the fabricated chemical sensor was
ound to be ∼0.97712 and the current exhibited the linearity in the
ange of 10−8 mol  L−1 to 10−3 mol  L−1.

The proposed phenyl hydrazine chemical sensor showed good
tability and reproducibility. The stability of the present phenyl
ydrazine sensor was determined by the repetitive measurements
nce a day for 5 weeks. After each measurement, the sensor was
tored in a phosphate buffer solution (pH = 7.0). No significant

ecrease in phenyl hydrazine detection was observed for 5 weeks.
fter 5 weeks, the response of sensor was gradually reduced due

o the weak interaction of phenyl hydrazine and nanomaterial
urface.
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4. Conclusion

In summary, a robust, highly sensitive, reliable and repro-
ducible phenyl hydrazine chemical sensor was fabricated by
utilizing simply synthesized Ag-doped ZnO nanoflowers as effi-
cient electron mediator. The as-synthesized nanoflowers were
characterized in terms of their structural and optical proper-
ties which revealed the well-crystalline nature and good optical
properties for as-synthesized products. A very high sensitivity
of ∼557.108 ± 0.012 mA  cm−2 (mol L−1)−1 and detection limit of
∼5 × 10−9 mol  L−1 with a correlation coefficient (R) of 0.97712 and
less response time of 10 s were observed for the fabricated chem-
ical sensor towards the detection of phenyl hydrazine by simple
current–voltage (I–V) technique. This research opens a way  that
simply synthesized Ag-doped ZnO nanomaterials could be used as
efficient electron mediators for the fabrication of various effective
chemical sensors.
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