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Abstract

Recently, different significant efforts have been made to fabricate an effectively modified electrode for replying to
the growing requests for enhanced performance electrodes for electrochemical sensors. Herein, we introduced an
organic material along with a composite of the zinc sulfide (ZnS) particles distributed in the substrate of carbon
nanotubes (CNTs)/reduced graphene oxide (RGO) nanosheets by using an inexpensive, simple, and one-step
fabrication method, as an effectively modified electrode for the determination of hydrazine as an analyte. This
electrode represents a great electrochemical performance with a large linear range (0.01 uM-60.0 pM) and a proper
limit of detection value (0.006 pM) for determination of hydrazine. Good recovery percentage values for the
proposed sensor confirm its excellent ability to measure hydrazine.
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1. INTRODUCTION

Hydrazine as a flammable liquid has shown an
extensive area of applications in fuel-cell,
corrosion inhibitor, and reducing reagents.
Hydrazine and its derivative also utilize as
pesticides in the agriculture and pharmaceutical
fields [1]. Despite its many applications, it is toxic
in nature, and exposure to it leads to blindness,
dizziness and irritation of the nose, eyes, and throat
[2, 3]. Hydrazine was classified as group B2
human carcinogens by the World Health
Organization (WHO) [4]. So far, various
techniques, for example potentiometric [5],
fluorometric  [6], chromatography [7] and
electrochemical techniques have been introduced
to determine hydrazine. Among all the applied
techniques, the electroanalytical technique is a
simple and low-cost procedure with high
sensitivity, and reproducibility [8]. Nevertheless,
the electrochemical hydrazine oxidation at a bare
electrode has slow kinetics and shows very large
overpotential, which results in an inappropriate
sensing performance [9]. Different kinds of
materials such as polymers [10], metal oxide NPs
[11], metal NPs [12], metal sulfides [13], and
carbon-based material [14-16] have been
introduced for modification of bare electrodes to
improve the electrochemical behavior of sensors.
Among different reported materials, ZnS is widely
utilized in the field of electronics and biocatalysis
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due to its great biocompatibility, good chemical
stability, and suitable catalytic performance [17].
Graphene and CNTs have been known as famous
materials which are widely utilized in the field of
electrochemical studies. Graphene is a 2D
nanostructure with an excellent specific surface
area, and great conductivity [18]. Newly, RGOs
and their various nanocomposites have been
extensively introduced in the fabrication of sensors
to enhance electrochemical functions [19-21].
Carbon nanotubes have acquired a lot of attention
in different fields of material science and
technologies because of their outstanding
properties involving high conductivity [22] large
surface area and having electrocatalytic behavior
[23, 24]. Herein, a modified glassy carbon
electrode (GCE) was introduced by using a
benzoxanthenederivative, 12-(3,4-
dihydroxyphenyl)-9,9-dimethyl-8,9,10,12
tetrahydrobenzo[a]xanthen-11-one (DX), and a
composite of ZnS particles distributed in the
substrate of CNTs/RGO nanosheets combination (
ZW) to study the electrochemical performance of
hydrazine. The composite of ZW was fabricated by
an inexpensive, facile, and one-step hydrothermal
method. After fabrication of DX and ZW, some
characterizations were done and finally,
electrochemical behavior of the analyte was
examined by modified GCE (ZW/DX/GCE) in
different electrochemical studies involving cyclic
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voltammetry (CV) and differential pulse
voltammetry (DPV).

2. EXPERIMENTAL

2.1. Apparatus and materials

Electrochemical examinations were carried out by
using a potentiostat galvanostat impedance
analyzer, model Radstat 1A (IRAN). A three-
electrode cell was utilized. Ag/AgCI/KCI (3.0 M)
electrode, a platinum wire, and the modified GCE
(DX/ZWIGCE) were respectively applied as the
reference, counter, and working electrodes. The
CNT was bought from Plasma Chem and other
materials were from analytical class (Merck,
Germany).

2.2. Synthesize of 12-(3,4-dihydroxyphenyl)-9,9-
dimethyl-8,9,10,12-tetrahydrobenzo[a]xanthen-
11-one or (DX)

1 mmol of 2-naphthol, 1 mmol of 34-
dihydroxybenzaldehyde, 1 mmol of dimedone, and
0.030 g of FesOs@nano-cellulose/Sh(V) was
mixed at 80 °C. After completion of the reaction
(checked by TLC, n-hexane: EtOAc (1:1)), the
mixture was dissolved in ethanol and the catalyst
was separated using an external magnet. By adding
water to remained mixture, the DX was obtained
as a pure solid. Scheme 1 shows the structure of
DX.
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Scheme 1. Structure of 12-(3,4-dihydroxyphenyl)-9,9-
dimethyl-8,9,10,12-tetrahydrobenzo[a] xanthen-11-one
or (DX).

2.3. Synthesize of a composite of ZnS particles
distributed on the CNTs/RGO nanosheets (ZW)
Firstly, GO was synthesized by the improved
Hummers method [25]. Then, the ZW composite
was fabricated by using Zn(NOs3),-6H,0 according
to previously reported work [26].

2.4. Electrode preparation

The GCE was polished by using the alumina
powder, washed and dried in the environmental
condition. First, 8.0 mg of the composite was

dispersed in the ethanol. 2.5 pL of the solution was
cast on the GCE and dried at environmental to get
ZW/GCE. Then, 2.5 pL of DX solution (5.0 mM)
was cast on the ZW/GCE and then dried to provide
a modified electrode of DX/ZW/GCE.

2.5. Preparation of solutions

To prepare phosphate buffer with different pHs,
0.1 M solution of phosphoric acid was prepared by
distilling water and the desired pH was adjusted by
NaOH solution. To prepare hydrazine and
hydroxylamine solutions, the suitable amount of
materials were dissolved in phosphate buffer 0.1 M
(pH =9.0).

3. RESULT AND DISCUSSION

3.1. Characterization

The structure of DX has been studied by Fourier
transform spectroscopy (FTIR) and nuclear
magnetic resonance (NMR). FTIR (ATR), v, cm™:
3468, 2969, 1613, 1591, 1378, 1222, 806, 751.
(Fig. 1).*H NMR (500 MHz, CDCls)/ 8(ppm): 0.98
(s, 3H), 1.11 (s, 3H), 2.23 (d, 1H, J =6 Hz), 2.46
(s, 1H), 2.57 (s, 1H), 5.62 (s, 1H), 6.56 (dd, 3H, J
=21,85Hz),7.07 (s, 1H), 7.31 (d, 1H, J = 9 Hz),
7.31-7.42 (m, 1H), 7.78 (t, 2H, J = 9 Hz), 8.00 (d,
1H, J = 8.5 Hz) (Fig. 2). *C NMR (125 MHz,
CDCl3)/6 ppm: 25.21, 27.20, 29.27, 32.57, 37.92,
38.89. 54.89, 83.39, 86.30, 95.41, 99.50, 108.08,
114.60, 115.72, 117.88, 131.70, 137.36, 142.66,
143.72, 147.73, 153.03, 154.33, 158.89, 165.14,
199.03 (Fig. 3).
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Fig. 1. FT-IR spectrum of DX.
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Fig. 2. 'H NMR of DX.
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Fig. 3. 3C NMR spectrum of DX.
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Fig. 4. Exhibits SEM image of ZW composite. The
SEM for ternary nanocomposite, RGO-CNT-ZnS,
shows the formation of ZnS particles on RGO
sheets, and the proper distribution of CNTs in the
matrix. In this structure, the CNTs can operate such
as spacers for graphene planes to create
““‘channels’’ for the transfer of electrons.

Fig. 4. SEM images for the composite of ZnS particles
distributed on the CNTs/RGO nanosheets (ZW).

Fig. 5. Shows XRD pattern for the synthesized
composite of ZW. Some relatively intensive peaks
almost at 27.08°, 28.56°, 30.62°, 47.64°, and
56.50° are attributed to the crystal of phase ZnS
[27]. In addition, there isn’t any characteristic peak
of GO (at 10 °) for composite, confirming the
reduction of GO during the synthesis process. FT-
IR spectrum of ZW composite (Fig. 6) shows
bands at 615 cm™! and 1097 cm™! which confirm
the characteristic peaks of the ZnS material [28,
29]. Peeks at 1720 cm™!, 1265 cm™! and 900 cm™!
are assigned to COOH, OH and C-O functional
groups reveal the presence of the CNT in the
composite [30, 31]. The common characteristic
peaks of GO sample are O-H, C=0, C=C, C-OH
and C-O stretching vibrations at 3403, 1725, 1628,
1193 and 1046 cm™', respectively; the O-H
bending vibrations of C-OH at 1382 cm™'[32, 33].
These absorption peaks were almost disappeared
for the prepared composite, which shows GO
changed to RGO during the hydrothermal
synthesis method [34].
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Fig. 5. XRD patterns of ZW.
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Fig. 6. FTIR spectra of ZW.

3.2. The electrochemical behavior of DX/ZW/GCE
All electrochemical responses of the modified
electrode (DX/ZW/GCE) were studied by the CV
technique in a phosphate buffer solution (0.10 M)
with various pH values (3.0 — 11.0) in Fig. 7. The
anodic and cathodic potential peaks (Epa, Epc) were
moving toward low potentials with increasing in
pH value and a maximum current obtained at
pH=9.0. It was selected as the optimized amount.
A potential-pH plot (inset of Fig. 7) exhibits a line
with a slope value of -56.6 mV/pH, which reveals
the same electrons and protons transfer reaction.
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Fig. 7. CVs of DX/ZWIGCE in 0.1 M phosphate buffer
solution (pH=9.0). The pH values from (3) to (11) Scan
rate: 100 mV s~!. Inset: Variation of Ep as a function of
pH.

In order to investigate the electrochemical
behavior of DX/ZW/GCE, cyclic voltammograms
were measured at various scan rates in the absence
of hydrazine at optimized pH. The voltammograms
in Fig. 8 exhibited that the electrochemical process
was quasi-reversible due to the AE, value of higher
than (59/n) mV. Fig. 8, inset of (a) showed that
both peak currents were directly dependent on scan
rate in the range of 5 to 900 mV s™!, confirming
that the redox process happened in a surface-
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limited redox process. The amount of “/™ (surface
coverage of modified electrode) was calculated by
using the slope of the anodic peak current and
Sharp equation [35]. It was = 2.1x107'° mol/cm?.
In order to calculate kinetic parameters of the
electron transfer rate constant (ks) and the transfer
coefficient (a) for the modified electrode, the
variations of Ep. and Epc were plotted versus the
logarithm of scan rates (Inset (b) and (c)). At high
scan rates, there is a linear section. The slope
amount in the linear section is equivalent to
2.3RT/(1—a)n,F for anodic peak and —2.3RT/anF
for the cathodic peak [36]. The values of cathodic
and anodic transfer coefficients (ac = 0.69 and o, =
0.31) were obtained by using the above equations
and slopes. Furthermore, by Laviron procedure
[36] obtain ks= 4.2 s~! for the modified electrode.
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Fig. 8. CVs of DX/ZW/GCE in buffer solution with a
pH value of 9.0 at several scan rates, (5.0, 10, 25, 50, 80,
120, 200, 300, 500, 700, and 900 mV s™'), insets: (a) plot
of Ip against v, (b) and (c) Ep against log v.

3.3.  Electrocatalytic ~ properties of the
DX/ZW/GCE electrode for hydrazine

Cyclic voltammetry was recorded at various scan
rates in the presence of hydrazine (0.30 mM). Fig.
9 exhibited that the Ep. for hydrazine oxidation at
the bare GCE was 450 mV (curve b), while the Epa
at DX/ZWI/GCE is 140 mV (curve f). It exhibits
that the E, of hydrazine oxidation decreases around
310 mV at the modified electrode. However,
DX/ZWI/GCE (curve f) shows a higher current

toward hydrazine compared to DX/GCE (curve e),
indicating that the utilization of the ZW composite
can increase the peak currents because of its
remarkable conductivity and good surface area.
The DX/ZWI/GCE in a buffer solution (pH=9.0),
without hydrazine, represented a redox process
(curve d). After using 0.30 mM hydrazine; the
anodic peak increased, while the cathodic peak
decreased (curve f) for the modified electrode. All
these results confirmed that there was an
electrocatalytic performance for oxidation of
hydrazine at the DX/ZW/GCE by an EC’
mechanism. According to this process, hydrazine
is oxidized in a catalytic chemical reaction (C") by
using the oxidized species of DX (DXox) Which is
provided by an electrochemical reaction (E). The
oxidation reaction is catalyzed for hydrazine and
thus anodic current increases.
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Fig. 9. Cyclic voltammograms of (a) bare GCE in buffer
solution (pH=9.0) at v=25 mV s7!; (b) as (a) + 0.30 mM
hydrazine; (c) as (a) at DX /GCE; (d) as (a) at
DX/ZWIGCE; (e) as (c) + 0.30 mM hydrazine; (f) as (b)
at the surface of DX/ZW/GCE.

The electrocatalytic behavior of analyte at various
scan rates was exhibited in Fig. 10. A linear
dependence between peak current (Ip) and the
square root of the scan rate (v¥?) (inset of (a))
implies that the electrochemical process is
controlled by diffusion. Therefore, a curve of the
scan rate normalized current (I,/v*?) against scan
rates (inset of (b)) confirms a process with an EC’
mechanism for electrocatalytic oxidation of
analyte.
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Fig. 10. CV curves of DX/ZW/GCE in the presence of
0.30 mM hydrazine at different scan rates (4.0, 5.0, 6.0,
8.0, 10, 15, 20, 25, 30 and 35 mV s™'), plot of (a) lpa
versus v2 and (b) plot of (Ip /V?) against v.

The Tafel plot (Fig. 11), plotted by utilization of
the obtained data from the rising section of the
voltammogram at v=20 mV s! was applied to
calculate the charge transfer coefficient («=0.38).
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Fig. 11. lllustrated tafel plot by using the ascending part
of voltammogram recorded at v=20 mV s .

3.4. Chronoamperometric examination
Chronoamperometric investigation of analyte at
DX/ZW/GCE was done to estimate the diffusion
coefficient (D). The chronoamprograms of
DX/ZW/GCE were recorded by placing the
modified electrode potentials at +0.20 V vs.
Ag/AgCI for hydrazine at different concentration
values (Fig. 12). The diffusion coefficient (D)
value is obtained by using the Cottrell equation and
the slopes of the linear plot of I, vs. t¥/2 (inset of (a)
and (b)). The D value was 1.99x107° cm?/s [37].
Also, the chronoamperometric technique was
applied to obtain the catalytic rate constant of
analyte at DX/ZW/GCE by using eg. 1 [38]:

I/l = y"?[n"? erf (y/?) +exp ((y)¥"?]  (Eq.1)
Where Ic and I_ are the catalytic and limiting
currents of DX/ZW/GCE in the absence and
presence of the analyte and y= kCpt. Where Cy is
the bulk concentration for hydrazine (mol/cmq). If
vy > 2, the error function is equal to 1 and eq. 1
changes to eq. 2:

I/l = 7.1:1/2,Y1/2 - nllz(kat)”Z (Eq 2)
Where t is the time (s). The eq. 2 is used to estimate
the rate constant of the catalytic process (k). From
the slope of the Ic/l. versus t*2 plot, k obtains for
hydrazine. By using the slopes (the
chronoamprograms in Fig. 12, inset (c)), the
average value of k is 1.34 x 10* Mis2,
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Fig. 12. Chronoamperograms obtained at DX/ZW/GCE
in 0.1 M phosphate buffer solution (pH 9.0) for different
concentrations of hydrazine. The numbers 1-6
correspond to 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 mM of
hydrazine. Insets: (a) plots of I vs. t™/2 obtained from
chronoamprograms, (b) plot of the slope of the straight
lines against the hydrazine concentration and (c) plot of
Ic/IL vs. t+2 obtained from chronoamprograms.

3.5. Calibration curve and obtaining limit of
detection

In order to achieve calibration equation and
estimate the limit of detection (LOD), a sensitive
and effective technique is DPV [39]. The DPV
responses of the DX/ZW/GCE for hydrazine with
different concentrations were shown in Fig. 13.
Adjustments in differential pulse voltammetry
measurements: E start(V)=-0.04, E end(V)=0.2,
Scan rate(V/s)=0.05, Pulse time(s)=0.05, E
step(V)=0.01. The calibration equation for
hydrazine in the range of 0.01-0.80 puM was I,
(HA) = (10688) Chydrazine + (5206) (R2=0.994), and
for hydrazine in the range of 0.80— 60.0 pM was I,
(MA) = (0.1198) Chydrazine + (15.652) (R?=0.990).
The LOD value of 0.006 pM was obtained by
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using the slope of the calibration curve in the lower
concentration linear range.
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Fig. 13. DPV measurement of DX/ZW/GCE in the
buffer solution containing various concentrations of
hydrazine. The numbers of 1-12 are corresponding to
0.010, 0.050, 0.080, 0.20, 0.40, 0.60, 0.80, 1.0, 5.0, 20.0,
40.0 and 60.0 uM of hydrazine. Insets show the plots of
the electrocatalytic peak current as a function of
hydrazine concentration in the range of (a) 0.01-0.80 uM
and (b) 0.80-60.0 uM.

3.6. Simultaneous determination of hydrazine and
hydroxylamine

The change of oxidation peak currents with the
increasing concentration of hydrazine and
hydroxylamine were simultaneously examined by
using the DPV technique at DX/ZW/GCE.
Fig. 14 displays individual oxidation peaks for
hydrazine and hydroxylamine with a potential
value of -120 and 440 mV. The sensitivity of the
DX/ZW/GCE electrode for hydrazine oxidation is
10.69 pA pM ! and for hydrazine oxidation in the
presence of hydroxylamine is
10.81 pA pM™'. Our conclusions imply the
sensitivities of the DX/ZW/GCE for hydrazine in
two conditions are nearly similar. Thus, hydrazine
can be measured without any interference.
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Fig. 14. DPVs of DX/ZW/GCE in buffer solution
(pH=9.0) containing different concentrations of HZ and
HA: from inner to outer corresponds to mixed solutions
of 0.050+0.094, 0.080+0.150, 0.200+0.380, 0.400+
0.750, 0.600+1.120 and 0.800+1.500, (a) Calibration
plot of HZ and (b) Calibration plot of HA

3.7. Measurement of hydrazine in water samples
To study hydrazine in the real sample, drinking
water sample in 0.1 M phosphate buffer solution
(pH = 9.0) and pulsed voltammetry method was
used. To do this, 10.0 mL of the actual sample of
drinking water in a balloon was increased to 20.0
mL by phosphate buffer with pH = 0.9 and then to
evaluate the performance and accuracy of
measuring a certain amount of solution of the
sample with concentration. The desired solution
was added to the solution and the measurement
was  performed by  differential  pulse
voltammetry.To estimate the performance of the
introduced sensor in the real sample analyses, the
hydrazine concentration was determined in the
water sample. For the preparation of synthetic
samples, specific amounts of hydrazine are added
to the drinking water sample. The calculated values
were achieved in the Table. 1. The obtained
recovery percentages for the samples were 98.0,
98.5, 101, and 99.5%, and the RSD of the parallel
tests was less than 1.0%, indicating that the
DX/ZWI/GCE could be effectively utilized to
detect hydrazine in the drinking water.

Table. 1. The application of modified GCE for
determination of hydrazine in water sample.

Hydrazine Found Recovery RSD
Added (UM)  (uM) (%) (%)

0.050 0.049 98.0 3.30
0.600 0.591 98.5 1.00
0.800 0.809 101 1.80
40.0 39.8 99.5 2.40

3.8. The repeatability and reproducible of
DX/ZW/GCE

In order to examine the reproducibility of
DX/ZW/GCE, DPVs were recorded for 8
separately prepared DX/ZW/GCE for the
determination of hydrazine. The RSD value for
anodic current peeks was 2.86%, indicating good
reproducibility of the modified electrode.
Additionally, a repeatability study was examined
by recording continuous DPVs for a DX/ZW/GCE
after 20 times. The data revealed the RSD amount
of 2.48%. These results show that DX/ZW/GCE
has good reproducibility and repeatability for the
electrochemical determination of hydrazine.

3.9. Interference study

An important parameter to develop sensors is their
ability to discriminate between the interfering
species. Herein, the DPV technique was used to
investigate hydrazine in the presence of interferes.
The data were exhibited in Table. 2. The obtained
data revealed that the fabricated sensor had a good
selectivity.

3.10. Comparison of results
Our results were compared with other similar
works (Table. 3). This work shows a larger
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concentration range and also the best LOD value.
Also, it can be said that the modified electrode in
this work is efficient for measuring hydrazine due
to the low cost, easy and fast preparation method.

Table. 2. Interference investigation for the
determination of analyte in the optimized conditions.

Specie Tolerante Specie Tolerante
limit limit
WSubstance/ WSubstance/
WSpecie WSpecie

Cu® 157 F 95

Pb2* 100 Cl- 176

Co? 294 SCN- 290

Ag* 529 NOz 304

Na* 115 Citrate 24

Acetate 589 Uric 63

Acid

4. CONCLUSION

The present modified electrode by DX/ZW/GCE
composite displayed an excellent performance
with a good wide linear range to measure
hydrazine. The modification of GCE improved
sensitivity, selectivity and provide the best
capability for simultaneous measurement of
hydrazine and hydroxylamine. The proposed
composite exhibited significant electron transfer
capability in redox-active solution. The CV and
DPV investigations  showed acceptable
electrocatalytic responses of the DX/ZW/GCE in
decreasing the anodic overpotential for the
hydrazine oxidation. Also, the test results of real
samples revealed that the DX/ZW/GCE is reliable
to determine analyte in drinking water samples.
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