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Abstract. In the present work, binder-free, stable, high-performance and ultrasensitive platform is proposed for the
accurate estimation of hydrazine by using a facile synthesized few-layered sulphur-doped graphene (SG)-modified glassy
carbon electrode (SG/GCE). This proposed SG/GCE facilitates hydrazine to be catalytically oxidized at low overpotential.
The SG was synthesized by a facile microwave-assisted solvothermal route, further examined by electron microscopy,
Raman and FTIR spectroscopy and identified as a suitable catalyst material for sensing platform. Experiments were
conducted to typify the electrode as a sensor for the estimation of hydrazine. The SG-modified electrode exhibited
overpotential of hydrazine oxidation at 0.31 V, which is lower than many other electrochemical sensors. The linear
calibration plots were obtained over the range of 0.5–6 lM in chronoamperometry and the limit of detection is as low as
0.25 lM. It is one of the finest reports in terms of high sensitivity and low limit of detection has also been achieved. It is
concluded that SG exhibited an efficient sensor platform for hydrazine determination.
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Introduction

A number of studies have been documented towards the
growth of highly sensitive, selective and swift determination of various toxic chemicals [1–3]. Recently, hydrazine
has received a rising amount of attention because of its
widely used raw material in the manufacture of agricultural
chemicals, emulsifier, corrosion inhibitor, insecticide polymerization catalysts and reducing agent [4]. Furthermore, it
is served as an oxygen scavenger in industry, plays a vital
role in pharmacology, because it is recognized as a carcinogenic, hepatotoxic substance and photographic developer [5]. Therefore, sensitive and accurate determination of
hydrazine is practically important for environmental and
biological analysis [6]. So far, various instrumental techniques like electrochemical, chemiluminescence, chromatography and different types of spectroscopies have been
used for the determination for a range of organic pollutants,
but the snags are high-cost, long time and sampling
requirement [7,8], fluorimetry [9] and potentiometry [10].
Amongst them, electrochemical techniques are known for
their advantages, such as high sensitivity, selectivity,
portability, inexpensiveness and easy operating procedure.
Also, it is one of the best alternative methods for hydrazine
determination [11,12]. Woefully, the direct electrochemical
oxidation of hydrazine at unmodified electrode is not

appropriate for analytical application due to slow electrode
kinetics and very high overpotential [13].
For this reason, a series of chemically modified electrodes (CMEs) have been exercised for fast and accurate
determination of hydrazine [14]. This can drastically
decrease the overpotential and increase the oxidation peak
current response. However, a huge number of electrode
modifiers are used as catalytic materials for hydrazine
electro-oxidation, but these modifiers are relatively narrower in terms of sensitivity and selectivity. So, it is very
imperative to develop highly selective and economical
catalyst material to modify electrode accurately and effectively for the determination of hydrazine. Hitherto, different
nanomaterials have been employed for the successful
determination of hydrazine, such as copper oxide (CuO),
zinc oxide (ZnO), iron oxide (Fe2O3), titanium oxide
(TiO2), tungsten oxide (WO3) and manganese dioxide
(MnO2) [15–18]. In addition to this graphene [19,20], heteroatom-doped graphene and functionalized graphene
materials are also used for the determination of hydrazine
[21–23].
In a typical atomic-scale carbon allotrope, 2D graphene is
an emerging material for the past few decades and has
recently drawn tremendous attention in electrocatalysis
owing to its unique properties like high specific surface
area, conductivity, quantum hall effect and good chemical
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stability [24]. Both theoretical and experimental studies
signify that doping of heteroatoms like N, B, P, S and
halogen into graphene network can tune the electronic
structure that leads to the effective modulation of the
electronic structures and greatly enhanced electrocatalytic
properties of graphene [25]. On the other hand, sulphurdoped graphene (SG) received a considerable attention for
the past few years. Because S atom in carbon network
causes a change in spin density and improve the electrocatalytic activity of graphene [26,27] and previously it also
investigated as a catalyst support material [28]. To the best
of our knowledge, very few reports have been paid to SG
binder free catalyst material for hydrazine detection.
In this study, SG catalyst was used as a new electrode
material for binder-free hydrazine sensing. The SG-modified glassy carbon electrode (SG/GCE) was prepared by a
microwave-assisted solvothermal method. Microwave irradiation is confirmed to be a highly efficient heating method
for transferring energy into the reaction matrix, which
provides remarkable advantages like simple and fast process and more homogeneous heating compared to conventional solution-based methods [29]. The morphological
features of as-prepared SG were examined, and its electrochemical response was evaluated. The SG/GCE was
found to exhibit better hydrazine sensing performance than
unmodified electrodes as the doped hetero-atom endows its
superior electrocatalytic activity towards hydrazine
oxidation.

2.
2.1

Experimental
Materials

The following chemicals used in this work are of analytical
grade. Hydrazine, graphite powder and benzyl disulphide
(BDS) received from Alfa Aesar and all other chemicals
were obtained from Merck. All the solutions were prepared
using ultra-pure water of 18 MX cm resistivity (Milli Q,
Millipore).

2.2
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examined using AFM at different locations. Laser Raman
analysis was carried out using Renishaw Invia Raman
microscope model from United Kingdom with He–Ne Laser
source of 633 nm wavelength and 18 mW intensity. The
oxidation state and composition were examined using X-ray
photoelectron spectroscopy (XPS). The Multilab 2000
Thermo Scientific (UK) X-ray photoelectron spectrometer
with MgKa X-ray (1253.6 eV) and 200 W power was used
as the exciting source and 10 eV energy pass was used for
data collection.

2.3

Electrochemical measurements for SG

Electrochemical techniques, such as cyclic voltammetry
(CV) and chronoamperometry (CA) were used for hydrazine sensor and charge transfer properties at interface were
examined with electrochemical impedance spectroscopy
(EIS). All the electrochemical measurements were carried
out using IVIUM portable electrochemical interface and
impedance analyzer, The Netherlands. A conventional
three-electrode system namely SG/GCE was employed as
working electrode, a platinum wire and Ag/AgCl were used
as counter and reference electrodes, respectively. All the
potentials mentioned in this work are against to this reference electrode. All these experiments were carried out at
room temperature (25 ± 1°C) in 0.1 M phosphate buffer
solution (PBS) (pH 7.0) supporting the electrolyte. CV
experiments were performed in a static electrochemical cell
and CA experiments were performed at stirred conditions
with a successive addition of hydrazine to the PBS by
applying a potential of 0.31 V vs. Ag/AgCl. The EIS
measurements of the bare GCE and SG/GCE were performed in a three-electrode configuration as mentioned
above on BAS IM6 in a supporting electrolyte solution of
0.1 M KNO3 containing equimolar (Fe(CN)6)4-/3- in a frequency range from 0.1 Hz to 100 kHz by applying an AC
voltage with 5 mV amplitude under open circuit potential
conditions and plotted in the form of complex plane diagrams (Nyquist plots). All electrochemical experiments
were performed in the solutions that were de-aerated by
high pure nitrogen.

Physical parameters’ characterization

Surface morphology of synthesized materials was characterized by scanning electron microscopic (SEM) analysis
using Vega3TESCAN model. High resolution transmission
electron microscopy (HRTEM) characterization was carried
out using FEI Technai G2 S-Twin and it was operated at
200 kV. The morphological features of SG were examined
using Agilent 5500 atomic force microscopy (AFM)
instrument. For AFM analysis, samples were prepared by
ultrasonic treatment of 0.25 mg of SG dispersed in 1 ml of
dimethylformamide (DMF). The dispersion was drop-cast
on a fresh silicon wafer substrate. The silicon wafer was
dried at ambient temperature for 12 h and it was directly

2.4

Preparation of SG

SG material was synthesized by using controllable microwave-assisted solvothermal technique using homogeneously dispersed GO and BDS as the S precursor. Initially,
GO was synthesized from natural graphite according to the
modified Hummer’s method [30] by using chemical oxidation and exfoliation. Briefly, 0.2 g of GO was slowly
added to 10:1 ethanol/water mixed solvent along with 0.1 g
of BDS under vigorous ultrasonication for 1 h to make a
homogeneous mixture. Afterwards, the suspension was
sealed in a quartz tube and transferred to a commercially
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available microwave oven (IFB30BRC2, 2450 MHz,
700–850 W) subjected to microwave irradiation for 6 min.
After cooling to room temperature, the solid product was
collected by centrifugation, washed repeatedly with distilled
water and dried at 70°C for 24 h under vacuum.

3.
3.1

Results and discussion
Characterization of SG

Scheme 1 showed the preparation of SG by microwaveassisted solvothermal method, where the reaction is initiated
by mixing GO with BDS in an ethanol/water mixed solvent
by ultrasonic treatment. During this process, oxygen functional groups in GO were reacted with BDS. Consequently,
the microwave heating induces the removal of oxygencontaining functional groups on GO that affords the
defective/active sites [31], which can be incorporated by the
S atoms by the decomposed BDS to form –C–S bonds.
Finally, it confirms the concurrent reduction of GO and
doping of S atoms into the graphene network. This method
for SG can be achieved in a very short time.
Initially as a proof of concept, we first analysed the asprepared graphite and compared with SG. FTIR analysis was
carried to identify the changes in the functional group in
synthesized materials. Figure 1a shows the FTIR transmittance spectra of (1) graphite and (2) SG. From this spectrum, a
sharp peak observed around 3500 cm-1 signifying the –OH
stretching mode. Compared to graphite, a prominent peak
observed for graphene at 2361 cm-1 is attributed to skeletal
vibrations of –SH. The string peak observed around
1420 cm-1 corresponds to the –S=O stretching frequency of
SG. Raman spectroscopy is one of the best techniques to
examine the electronic properties and structural changes of
carbon and its related materials. Figure 1b shows the Raman
spectra of SG and graphite materials. From this figure, peaks
were noticed around 1330 and 1580 cm-1 corresponding to

Scheme 1.
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the D and G bands, respectively. The peak appeared at 2700
cm-1 is attributed to the 2D band of SG. It is well known that
the G band occurs from the sp2 hybridized bond stretching of
–C=C and –S–C, whereas the D band strongly corresponds to
the sp3-hybridized carbon defect site. In Raman spectra, ID/IG
is an interesting parameter to evaluate the characteristics of
graphene and its related materials. From figure 1b, SG shows
change in ID/IG compared to graphite, strongly indicating that
the sulphur is successfully doped in graphene network and
also, this result is in good agreement with the FTIR analysis.
The morphological features of as-synthesized SG materials were investigated via TEM. SG aliquot was drop-cast
onto the surface of Si substrates and Cu grids for SEM and
TEM analyses. The TEM image of SG exhibits a silk cloak
wave-like morphology of 2D sheet as shown in figure 2.
The electron diffraction pattern of the TEM image indicates
that the as-synthesized SG is highly crystalline in nature. On
observation, the folded edges of the SG with high resolution
TEM clearly confirm that the resulted materials mostly
contain few-layered structures (figure 2c). Importantly, the
layer spacing between these layers is *0.34 nm, which is
equal to the spacing between layers in graphite. These
results are in good agreement with the other previous
reported results [32].
Further, SG was subjected to the FESEM analysis. They
displayed an average flake thickness of about 8 nm, of few
layers of graphene. Figure 3a–c represents the FESEM
image of an SG. The partially wrinkled morphology of SG
arises due to the defective structures formed during sulphur
hetero-atom doping in the synthesis process [27]. Figure 3d
showed the selected area electron diffraction (SAED) pattern of SG clearly indicates the crystalline nature. On the
other hand, this implies that the SG has defects and it may
lead to the high-energy edges that can boost the active sites
for the electrochemical sensor applications.
To obtain statistical information on the size and thickness
of the synthesized SG, AFM analysis was carried out on
SiO2 substrates (figure 4). Very importantly, the area of the

Schematic representation of SG synthesis procedure.
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Figure 1. (a) FTIR analysis of (1) graphite and (2) SG, (b) Raman spectra of (1) graphite and (2) SG, and (c) highresolution XPS spectra of s2p in SG.

as-synthesized SG showed typically 20–100 mm with a
finite edge length of the SG compared to pristine graphite
powders observed by the SEM. The exfoliation process
does not significantly break graphite into smaller pieces;
therefore, microwave technique was used to prepare a largesized SG with the thickness of *5 nm. Moreover, the
increased surface area is also assigned to the defects that
arise from the insertion of S in graphene network during the
exfoliation.

3.2

Electrochemical studies

To study the electrochemical properties of SG/GCE, the CV
and EIS measurements were carried out in 5 mM of
(Fe(CN)6)3-/4- containing 0.1 M of KNO3 solution, as
shown in figure 5. Figure 5a shows the CV response of bare
GCE (curve 1) showed a sluggish voltammetric response
with a DEp value of 112 mV. However, SG/GCE increase in
the peak current is seen with a simultaneous decrease in the
DEp value of 89 mV is showed in curve figure 5a2. The

increased peak current followed by decreased DEp is due to
the high surface area and finite charge transfer at electrode/electrolyte interface. EIS is an efficient technique to
examine the surface features of modified electrode. Further,
to understand the charge transfer, properties of SG/GCE
were evaluated by EIS analysis as shown in figure 5b. It is
well known that semicircular portion at higher frequencies
represents the electron transfer-limited process. It is probably due to the poor electrical conductivity of active
materials, while the depressed portion at lower frequencies
is ascribed to the Warburg impedance, which is a consequence of the frequency dependence of ion diffusion/transport in electrolyte to the electrode surface [33].
From figure 5b, SG/GCE (curve 2 and Rct = 20 X) shows
lower interfacial electron transfer resistance than that of
bare GCE (curve 1 and Rct =1772 X). These results suggest
that the electron transfer is faster at SG/GCE compared to
bare GCE, which facilitates the arrival of electrochemical
probe on the surface of the electrode. This illustrates that
SG also has high conductivity and fast electron conducting
ability at the electrode surface.
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Figure 2. (a–c) HRTEM images of as-synthesized SG at different magnifications and (d) typical TEM
image of SG.

3.3

Electrocatalytic oxidation of hydrazine

The electrocatalytic activity of SG/GCE is explored for the
determination of hydrazine. Figure 6a displays the comparative analysis of CVs of the oxidation of hydrazine on
different electrodes to assess the electrocatalytic activity of
synthesized materials. CVs of bare GCE and SG/GCE were
recorded in the absence and in the presence of 3 mM
hydrazine at 50 mV s-1 in PBS and the results are depicted
in figure 6. Figure 6 (curves 1 and 3) shows the CV of a bare
GCE, which does not exhibit any oxidation peak at this
concentration in the presence and the absence of hydrazine.
This corresponds to sluggish charge transfer process at bare
GCE. Whereas SG/GCE exhibited high electrocatalytic
activity towards hydrazine oxidation depicted in figure 6
(curve 4). A single oxidation peak observed for hydrazine
SG/GCE suggests an irreversible redox reaction. A large
anodic peak current value of 132 lA is observed at 0.35 V
and which is lower than the other reported values [34].
However, in contrast to bare GCE, a significant increase in
oxidation current and negative shift of the peak potential
can be observed at the SG/GCE (curve 4). The lower

reduction of overpotential signifies the finite catalytic
activity of SG/GCE towards the hydrazine oxidation. The
diminished overpotential is due to the confirmed high surface area and the increase in reversibility of the electron
transfer process is because of high active sites of SG. It is
well-known that the increment of catalytic current and the
decrease in overpotential are two important factors in
evaluating the catalytic activity of materials. This strongly
suggests that the sulphur-doping in graphene increases the
surface area and electron transfer significantly; therefore,
resulting in a remarkably increased response towards the
oxidation of hydrazine than bare GCE.

3.4

Scan rate effect of hydrazine oxidation

An obvious increase in the oxidation peak currents of
hydrazine and a low peak potential was observed in the CV
response of SG/GCE, indicating the increase in electron
transfer rate. Moreover, the enhanced peak current intensity
was due to the high surface area and active sites of SG/
GCE. The above results indicate that SG/GCE had better
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Figure 4.
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(a–c) FESEM and SEM images of SG at different magnifications and (d) SAED pattern of SG.

Atomic force microscopy image of SG.

electrochemical activity. As we know that investigating the
effect of scan rate on the hydrazine oxidation peak current
and peak potential can evaluate the kinetics of electrode
reaction. Figure 6b shows the scan rate effect of SG/GCE
investigated in 3 mM hydrazine containing PBS. The anodic
peak current (Ipa) varied linearly with scan rate (t) and

regression coefficient (R2) value of 0.99. The logarithmic
plot of Ip vs. t is depicted in figure 6d where it showed the
gradient value of 0.75. It neither indicates the semi-infinite
of electroactive analyte species to the electrode, nor trapped
electroactive species. Thus, the present result is indicative
that the mixed transport regime with thin-layer diffusion

Bull. Mater. Sci. (2021)44:204
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Figure 5. (a) CVs of respective electrodes in 5 mM (Fe(CN)6)3-/4- containing 0.1 M KNO3 at a scan rate of 50 mV s-1
and (b) Nyquist plots of 5 mM (Fe(CN)6)3-/4- in 0.1 M KNO3 obtained for (1) bare GCE and (2) SG/GCE.

Figure 6. (a) Cyclic voltammogram response of (3) bare GCE, (4) SG/GCE in 3 mM hydrazine containing
0.1 M PBS (pH 7.0) at a scan rate of 50 mV s-1, whereas (1) and (2) are in the absence of hydrazine.
(b) Cyclic voltammogram response of SG/GCE in 3 mM hydrazine containing 0.1 M PBS at scan rate ranging
from lower to higher at 20, 30, 40, 50, 60, 80 mV s-1, and (c) corresponding calibration plot. (d) The
logarithmic plot of anodic peak currents (Ipa) vs. scan rate (t) from (b).

being within the SG electrocatalyst material and
semi-infinite diffusion outside the electrode material in the
electrolyte [35,36]. The electrochemical behaviour of
hydrazine is dependent on the pH value of the PBS.

Therefore, pH value can be optimized from electrochemical
determination of hydrazine. Figure 7 showed the estimation
of hydrazine against a series of pH of the solutions ranging
from 3 to 10. The oxidation peak current is gradually
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138

increasing with pH value up to pH 7. However, oxidation
peak current values are gradually decreasing from pH value
of 8 to 10 with a shifting peak potential, it is strongly
indicated that the pH 7 is suitable for selective and sensitive
determination of hydrazine. Because the pKa value for
hydrazine is 7.9, i.e., if pH \ 7.9, hydrazine is existing in
protonated form (N2H5?) and if pH[7.9, it acts as a neutral
molecule (N2H4) and this may be responsible for the
experimental behaviour in relation with pH.
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Figure 7. Effect of pH on peak current for the oxidation of
hydrazine at 3 mM in 0.1 M PBS.

Amperometric determination of hydrazine

Further, CA experiments were carried out to get more
information about the electrocatalytic process. Figure 8a
shows the i–t response of SG/GCE at an optimized potential
of 0.31 V on the successive addition of hydrazine. Once the
hydrazine was added into the blank electrolyte, the SG/GCE
swiftly responds towards a change with the hydrazine
concentration. The linear relationship between the catalytic

Figure 8. (a) shows the amperometric response of SG/GCE with successive addition of hydrazine in 0.1 M PBS and
applied potential is 0.31 V. (b) Plot of Ipa vs. hydrazine concentration exhibiting a linear relationship for the steadystate current and hydrazine concentration. (c) The amperometric response to the addition of hydrazine with a series of
different interfering species. (d) Stability test of SG/GCE.
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Comparison of different modified electrodes for hydrazine estimation.

Modified electrode
NiFe2O4/MWCNTs/GC
HMWCNT/GCE
GNF/GCE
Palladium hexacyanoferrate
ZnO nanoflowers/MWCNTs/GCE
Mn(II)-complex/MWNTs/GCE
SG/GCE

Sensitivity
(lA lM-1)

Linear range (lM)

LOD (lM)

Reference

—
0.02
0.028
0.12
0.25
0.038
0.22

5.0–2500
2.0–122.8
0.5–7.5
390–10,000
0.6–250
1–1050
0.5–7.5

1.5
0.68
0.3
4.6
0.18
0.5
0.25

[37]
[38]
[20]
[39]
[40]
[41]
Present work

current and hydrazine concentration is depicted in figure 8b.
The SG/GCE-based hydrazine electrochemical sensor
demonstrates high and reproducible sensitivity of 0.22 lA
lM-1 and a finite linear response ranging from 0.5 to 6 lM
(R2 = 0.99, S/N = 3), the limit of detection (LOD) is calculated to be 0.25 lM and a short response time (B3 s). The
influence of some possibly coexisting foreign substances for
the selectivity test is demonstrated in figure 8c, which
compares the amperometric response for six relevant electroactive species, such as cysteine, sulphide, catechol,
dopamine, H2O2 and ascorbic acid. The concentration of
each interfering species is three-folds higher than hydrazine.
No interference was observed at a potential of 0.35 V,
indicating the high selectivity towards the detection of
hydrazine. However, negligible current changes were
observed, which indicates that the SG/GCE sensor has good
selectivity for hydrazine detection. In addition to this, the
repeatability and stability of the SG/GCE were investigated
by CV. Five successive measurements of 3 mM hydrazine
on one of SG/GCE yielded a relative standard deviation
(RSD) of 4.5%, indicating that the sensor has good
repeatability and stability. Also, to evaluate the long-term
stability of electrode, long-term stability of the SG/GCE
was explored over a 10-day period (figure 8d). The fabricated sensor was stored in a refrigerator at 4°C and measured every day. The result shows that the catalytic current
response retains [96% of its initial value in response to 3
mM hydrazine after 10 days, indicating an acceptable stability of the modified electrode for hydrazine sensor. In
general, based on these results, the modified electrode has
good analytical characteristics for the potential application
as a hydrazine sensor. These analytical parameters are
comparable and even better than that of previously reported
results for the modified electrodes reported in the literature
for determination of hydrazine are shown in table 1.

3.6

204

Detection of hydrazine in real sample analysis

To evaluate the validity of proposed sensor for accurate
determination of hydrazine, further, we extend our study to
estimate the very low-level concentration of hydrazine in
real sample by adopting standard addition method. The

Table 2. Determination of concentration of hydrazine in various
types of water samples using proposed SG/GCE using amperometric sensor method.
Samples

Added (lM)

Found (lM)

Recovery (%)

Sample 1

0.50
1.00
2.00
3.00
4.00
0.50
1.00
2.00
3.00
4.00

0.491
1.02
1.989
3.03
3.99
0.503
0.99
2.05
2.99
4.05

98.20
102.0
99.4
101.0
99.7
100.6
99.00
102.5
99.6
101.2

Sample 2

series of different concentrations of hydrazine were added
to the water samples collected from tap water and analysed
by using amperometry. The resulted recovery studies are
depicted in table 2. The obtained results are finite and it
indicates that our proposed sensing system detects hydrazine in low concentration levels. Further, the results are
validated well and this can be used as a capable sensor for
the real-time analysis of hydrazine in the environmental
samples.

4.

Conclusions

In summary, we successfully synthesized SG and investigated as an electrocatalytic material for sensitivity and
selective determination of hydrazine which has been proposed based on their oxidation at SG/GCE using electroanalytical techniques. Compared with other electrodes, the
proposed electrode shows excellent advantages, such as
wide linear ranges and low LODs. Ease of preparation, high
sensitivity and stability, low detection limit, fast response
and with a finite lower overpotential, it is possible to successfully determine the sub micro molar concentration of
hydrazine. The kinetic parameters have also been determined using various electrochemical approaches. This
research raises the possibility of using SG as a promising
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catalyst material for hydrazine detection. The stability of
the prepared SG/GCE for the estimation of hydrazine during our investigation has proved to be consistent for [10
days. Good repeatability and reproducibility are the other
advantages of the proposed method.
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