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The present study describes a new approach for the investigation of 
electrocatalytic oxidation of hydrazine by using a glassy carbon electrode 
(GCE) modified by graphene chitosan nanocomposite (Gr-Cs) and Rutin 
(Ru). The heterogeneous electron transfer rate constant (ks) and the surface 
coverage of immobilized Ru on the Gr‒Cs/GCE were obtained as 63 s−1 and 
4.48×10−11 mole cm−2, respectively. The designed sensor showed excellent 
electrocatalytic activity toward oxidation of hydrazine. The catalytic rate 
constant (kcat) of the modified electrode toward N2H4 is 6.3 ×103 M-1s-1. 
Linear relationship between amperometric current response and hydrazine 
concentration was observed in the range of 0.3-1500 µM and the limit of 
detection was 90 nM (S/N=3). In addition, the modified electrode has an 
excellent anti-interference property in the presence of other potentially 
interfering species as well as a good operational stability. To evaluate the 
applicability of the proposed sensor, it was employed to determine hydrazine 
in a drinking water sample.
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INTRODUCTION
Hydrazine is the simplest diamine, a highly 

reactive base, and a reducing agent. It is widely 
used in wide areas such as fuel cells [1], rocket 
propellants, insecticides and explosives [2]. 
However, despite its wide range of applications, pure 
hydrazine is highly toxic and harmful to human 
life. Due to the toxicological nature of hydrazine 
compounds, it is necessary to develop sensitive and 
selective analytical methods for its detection and 
determination. So far, several techniques including 
spectrophotometry, potentiometry, titrimetry and 
chemiluminescence have been reported for the 
determination of hydrazine [3–6]. Electrochemical 
techniques have many advantages, like cost-

effectiveness, sensitivity, simple operation and the 
ease of miniaturization [7–9]. However, the direct 
electrooxidation of hydrazine on conventional bare 
electrodes suffers due to the slow electron transfer 
kinetics. Thus, enhancing the oxidation current 
response of hydrazine is of constant interest in the 
development of novel materials [10, 11].

Various materials have been used to enhance the 
catalytic properties of the electrode and to increase 
the sensitivity of the electrochemical sensors. 
Graphene (Gr), a two-dimensional sheet of sp2-
bonded carbon atoms arranged in a honeycomb 
lattice, has been widely applied in the preparation 
of electrochemical sensors and biosensors [12]. 
Gr, due to its excellent properties including high 
electrical conductivity, large specific surface area, 
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high electrocatalytic activity and good mechanical 
strength, is able to improve the electrocatalytic 
performance of the modified electrode’s surface [13]. 
However, the aggregation of Gr nanosheets limits 
their application. Chitosan (Cs) is a polysaccharide 
biopolymer which reveals excellent film-forming 
ability, high water permeability, good adhesion 
and susceptibility to chemical modifications due 
to the presence of reactive amino and hydroxyl 
functional groups. Dispersing graphene in polymer 
matrix such as Cs prevents their aggregation and 
augments the electrochemical properties [14].

Rutin (3′, 4′, 5, 7 - tetrahydroxyflavone 3β-D-
rutinoside) is a derivative of catechol and a 
biologically important molecule whose chemical 
structure is demonstrated in Scheme 1S [15]. 
Catechol derivatives have been used as electron 
transfer mediators in electrochemical processes, 
since they have excellent redox reversibility, high 
electron transfer efficiency and low cost [9].

In this study, we fabricated a novel 
electrochemical sensor based on the 
immobilization of Ru on the GCE modified by Gr-
Cs nanocomposite. The proposed sensor is used 
for the electrochemical determination of hydrazine 
using the amperometric method. It shows a lower 
background current, primarily due to full charging 
the electrochemical double-layer capacitance in 
a short time scale, because the potential of the 
working electrode is fixed during time. Modified 
electrode demonstrated a higher electrocatalytic 
activity toward oxidation of hydrazine in 
comparison to bare GCE.

EXPERIMENTAL
Material and reagents

All solutions were freshly prepared with double 
distilled water. Hydrazine (N2H4), Ru, Cs, Gr and 
all other reagents were of analytical grade and 
obtained from Merck (Darmstadt, Germany). 
Phosphate buffer solution (PBS 0.1 M) was prepared 
by mixing the stock solution of 0.1 M NaH2PO4 
and 0.1 M Na2HPO4, and the pH was adjusted by 
NaOH or HCl. All electrochemical experiments 
were carried out at a room temperature.

Apparatus
Electrochemical experiments were performed 

with a μ-AUTOLAB electrochemical system type III 
and FRA2 board computer controlled Potentiostat/
Galvanostat (Eco-Chemie, Switzerland) driven with 
NOVA software in conjunction with a conventional 

three-electrode system. A modified GCE as the 
working electrode, an Ag/AgCl (satd 3.0 M KCl) as 
the reference electrode and a platinum (Pt) wire as 
the counter electrode were used. Scanning electron 
microscopic (SEM) images of the modified surfaces 
were acquired using a Vega-Tesacn electron 
microscope.

Preparation of the Ru/Gr‒Cs/GC modified electrode
Prior to modification, the bare GCE (2.0 mm 

in diameter) was carefully polished to a mirror 
like surface with 0.3 and 0.03 µm alumina slurries, 
followed by ultrasonication in anhydrous ethanol 
and double distilled deionized water for 3.0 
min, respectively. To prepare graphene-chitosan 
suspension, a chitosan solution (0.3%) was obtained 
by dissolving almost 0.003 gr of chitosan in 1.0 ml 
acetic acid, and then 1.0 mg graphene dissolved 
in 1.0 ml DMF was added in to chitosan solution, 
followed by ultrasonication for 2.0 h to form a 
homogenous mixture of Gr–Cs. Then, 10.0 µl of the 
Gr‒Cs solution was cast on the surface of bare GCE 
and dried at room temperature to form a Gr‒Cs 
film. In order to remove the loosely attached Gr‒
Cs, the modified electrode was slowly rinsed with 
double distilled water [16]. For adsorption of Ru 
on the surface of Gr‒Cs/GCE, the electrochemical 
activation of the Gr‒Cs/GCE was performed by 20 
continuous potential cycling in the rage of ‒0.2 to 
1.8 V at the scan rate of 100.0 mV 1s− n 0.1 M PBS 
(pH 7.0). Then, 10.0 µL solution of Ru (0.001 M) 
was directly dropped onto the surface of Gr‒Cs/
GCE and dried at room temperature. Then, the 
electrode was placed in a 0.1 M PBS. Subsequently, 
the potential was scanned for 30 cycles at the scan 
rate of 100.0 mVs−1 in the range of 0.0 V to 0.8 V  
to obtain a stable redox response for the surface 
coated film. The results demonstrated that the 
current response of the redox couples decreases 
at first and then remains almost constant. The 
obtained electrode was denoted Ru/Gr‒Cs/GCE.

RESULTS AND DISCUSSION
Characterization of the Ru/Gr‒Cs/GCE

The surface morphologies of Gr‒Cs/GC and Ru/
Gr‒Cs/GC electrodes were investigated by SEM. 
Fig. 1 reveals the SEM images of Gr‒Cs/GCE (Fig. 
1A) and Ru/Gr-Cs/GCE (Fig. 1B). As can be seen 
from Fig. 1B, when Ru deposited on the surface of 
the electrode, a new film formed on the surface of 
Gr‒Cs/GC electrode. 

Fig. 2 shows the cyclic voltammograms of 
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Gr‒Cs/GC (a), Ru/GC (b) and Ru/Gr‒Cs/GC (c) 
electrodes in phosphate buffer solution (pH 7.0). 
As can be seen, with Gr‒Cs/GC electrode, at a 
potential range of the 0.0 to 0.8 V, no oxidation 
peak observed. A thin layer of Ru was formed on 
the surface of electrode by casting a drop of Ru 
solution (1.0 mM) on the bare GC and Gr‒Cs/
GC electrodes. In Fig. 2 (voltammogram c), for 
the Ru/Gr‒Cs/GC electrode, a well-defined cyclic 

voltammogram with a peak potential separation of 
less than 50.0 mV and a peak current’s height of 1.6 
µA is observed. When we used bare GCE without 
Gr‒Cs nanocomposite for adsorption of Ru, a cyclic 
voltammogram with very low current was obtained 
(voltammogram b). From these observations, 
it is concluded that high surface area of Gr‒Cs 
nanocomposite leads to an excellent adsorption of 
Ru on the surface of electrode.
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Fig. 1. SEM images of Gr‒Cs/GC (A) and Ru/Gr‒Cs/GC (B) electrodes.

Fig. 2. CVs recorded in PBS (0.1 M, pH 7.0) for: (a) Gr‒Cs/GC, (b) Ru/GC, and (c) Ru/Gr‒Cs/GC electrodes, scan rate: 50 mVs-1.
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Effect of scan rate on the response of Ru/Gr‒Cs/GCE
The effect of potential sweep rate was examined 

by the cyclic voltammetric response of R/Gr‒Cs/
GCE in a potential range of 0.0 to 0.8 V in PBS 
(0.1 M, pH 7.0). The sweep rate was varied in the 
range of 10–1000 mVs-1 (Fig. 3A). Both anodic 
and cathodic peak currents of Ru at Ru/Gr‒Cs/

GCE were increased with the scan rate (Fig. 3B). 
Moreover, the anodic peak currents were almost 
the same as the corresponding cathodic peak 
currents. The peak‒to‒peak potential separation 
was about 50.0 mV for sweep rates below 100.0 
mVs-1 , suggesting facile charge transfer kinetics 
over this range of sweep rate.
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Fig. 3. A Cyclic voltammetric responses of a Ru/Gr‒Cs/GCE in phosphate buffer (pH 7.0) at scan rates (inner to outer) of 10 –1000 
mVs−1. (B) And (C) plots of variation of the anodic and cathodic peak currents vs. the scan rate and square root of scan rate, respec-

tively. (D) Variation of peak potential vs. logν.
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Using the slope of pI ersus v curve and 
according to the following equation, the surface 
concentration 
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Using the slope of Ip versus v curve and according to the following equation, the surface 

concentration (Γc) of Ru on the surface of Ru/Gr‒Cs/GCE was estimated [17], 

Ip = n2F2v A Γc
4RT                                                   (1) 

where ν is the sweep rate, A is the geometric surface area of the electrode (0.07 cm2), and the 

other symbols have their usual meaning. Then, according to the slope of anodic peak currents 

versus scan rate, the calculated ( Γc) of Ru is 4.48×10−11 mol cm−2. 

At higher sweep rates, the plots of peak currents vs. scan rate out of linearity and the peak 

current have a linear relationship to the square root of the scan rate (Fig. 3C), indicating a 

diffusion-controlled process. At sweep rates higher than 1000 mVs-1, the peak potentials shifts 

and Ip were proportional to the logarithm of the scan rate. Using the Laviron's theory [18], the 

electron transfer rate constant (ks) and charge transfer coefficient (α) can be determined by 

measuring the variation of peak potential with scan rate. The peak potential values were 

proportional to the log (ν) for scan rates higher than 1500 mVs-1 (Fig. 3D). Also, the slope of 

the Ep versus log (ν), was about 59.1 mV. According to the equation  

 Ep = K − 2.3030(RT αnF⁄ )logv,  and n=2 for Ru, a charge transfer coefficient of α=0.5 was 

obtained. By this α value and using the following equation: 

logks = α log(1 − α) + (1 − α)logα − log(RT nFv⁄ ) − α(1 − α)(nFΔE 2.3RT⁄ )   (2)             

the electron transfer rate constant, ks= 63. 0 s−1 , was estimated. 

According to the high value of the electron transfer rate constant, Gr‒Cs composite has an 

excellent ability for promoting electrons between Ru and the electrode surface. 

Cyclic voltammograms of the Ru/Gr‒Cs/GC electrode in phosphate buffer solution (0.1 M) at 

different pH values from 1.0 to 8.0 were recorded in order to study the effect of pH on the 

redox response of the modified electrode. As indicated in Fig. 4A, anodic and cathodic peak 
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the electron transfer rate constant, ks= 63.0 S-1 

was estimated.
According to the high value of the electron 

transfer rate constant, Gr‒Cs composite has an 
excellent ability for promoting electrons between 
Ru and the electrode surface.

Cyclic voltammograms of the Ru/Gr‒Cs/GC 
electrode in phosphate buffer solution (0.1 M) at 
different pH values from 1.0 to 8.0 were recorded 
in order to study the effect of pH on the redox 
response of the modified electrode. As indicated 
in Fig. 4A, anodic and cathodic peak potentials of 
the Ru/Gr‒Cs/GC electrode were changed into less 
positive values with the increase of pH values. The 
negative shift in peak potentials with the increase 
of pH indicates the participation of protons in 

the electron transfer reaction of Ru. Using the 
slope of 0E ′ . pH (slope=54.0 mv) results, the 
electrooxidation of Ru (shown in Fig. 4B) obeys the 
Nernst equation for a two-electron and two proton 
transfer reaction.

Electrocatalytic oxidation of hydrazine at Ru/Gr‒Cs/
GC electrode

According to high electron transfer rate 
constant of Ru at the Gr‒Cs/GC electrode, it can 
be used as a mediator to shuttle electrons between 
electrode and analyte molecules. In order to 
examine the electrocatalytic activity of the Ru/
Gr‒Cs/GC electrode towards the oxidation of 
hydrazine, cyclic voltammetry techniques are 
used. Fig. 5A, B and C demonstrate the cyclic 
voltammograms of Ru/GC, Gr‒Cs/GC and Ru/Gr‒
Cs/GC electrodes, respectively, in buffer solution 
(pH 7.0) in the absence (voltammogram a) and 
the presence (voltammogram b) of hydrazine. The 
results indicated that a significant peak current of 
hydrazine oxidation was observed with Ru/Gr‒
Cs/GC electrode. While no oxidation peak was 
observed at the surface of other electrodes in the 
absence or the presence of N2H4 in the potential 
range of 0.0 to 0.8 V, these electrodes were inactive 
to the direct oxidation of hydrazine. The results 
show that Ru has a high catalytic ability for 
hydrazine oxidation, and Gr‒Cs nanocomposite 
on the base of large specific surface area properties 
provides accessible sites for adsorption of Ru on the 
surface of the electrode. Therefore, immobilized Ru 
onto the Gr‒Cs nanocomposite could perform as 
a mediator to shuttle electrons between hydrazine 
and working electrode.

The cyclic voltammograms of Ru/Gr‒Cs/GC 
modified electrode was recorded in the presence 
of different concentrations of hydrazine (Fig. 6). As 
shown, an anodic oxidation peak corresponding 
to hydrazine oxidation was observed at 0.35 V 
which increases proportionally with the increase 
of hydrazine concentration. The plot of Ip against 
hydrazine concentration indicates a linear 
correlation in the range of 0.006–0.4 mM which 
can be fitted into the equation;

Ip (µA) = 0.0586[hydrazine] (mM) + 2.8962 (µA).

The effect of scan rate on the electrocatalytic 
oxidation of hydrazine at the Ru/Gr‒Cs/GCE was 
investigated by CV (Fig. 7A). As demonstrated 
in inset, the anodic peak currents are linearly 
proportional to the square root of the scan rates, 
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Fig. 4. A Cyclic voltammetric response of the Ru/Gr‒Cs/GCE in different pH solutions of 2.0‒8.0 (from right to left) at a scan rate of 
50 mVs−1. (B) The variation of formal potential vs. pH values.

Fig. 5. CVs recorded in PBS (0.1 M, pH 7.0) in the absence (a) and presence (b) of 1.0 mM N2H4 for: (A) Ru/GC, (B) Gr‒Cs/GC, and 
(C) Ru/Gr‒Cs/GC electrodes, scan rate: 50 mVs-1.
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suggesting that the electrocatalytic oxidation of 
hydrazine on Ru/Gr-Cs/GC modified electrode is a 
diffusion-controlled process. Also, plots of the scan 
rate of the normalized current (Ip/ν1/2) vs. scan rate 
exhibited the characteristic shape of a typical EC′ 
catalytic process (Fig. 7B).

The mechanism for hydrazine oxidation at the 
Ru/Gr-Cs/GC electrode was proposed as follows:

Rutin (reduced form) → Rutin (oxidation form) + 
2H+ + 2 e (3)

2Rutin (oxidation form) + N2H4 → N2 +2 Rutin 
(reduced form)  (4)
  

 For ECʹ mechanism, Andrieux-Saveant 
theoretical model can be used to calculate the 
catalytic rate [24]. Based on this model, for a slow 
scan rate and a large catalytic rate, the relationship 
between the peak current and the analyte 
concentration is:
 

  (5)
                                                                                     

where D and Cs are the diffusion coefficient 
(cm2 s−1) and the bulk concentration (mol cm−3) of 
substrate (N2H4), respectively, and other symbols 
have their usual meanings. For low scan rates 
(10–20 mV s−1), the average coefficient value (α) 
in Eq. (5) is found to be 0.32 for a Ru/Gr‒Cs/GCE, 
with a surface coverage of 4.4 × 10−11 mol cm-2 and 
a geometric area A of 0.07 cm2 in 0.05 mM N2H4 
at pH 7.0.  According to the approach of Andriex-
Saveant, and using Fig. 1 in Ref. [24], the average 
value of the calculated kcat is 6.3×103 M−1 s−1 for 
modified electrode. The high kcat obtained for 
Ru/Gr‒Cs/GCE implies that this system can be 
efficiently used as an electrochemical sensor for 
N2H4 detection.

Amperometric determination of hydrazine at Ru/
Gr‒Cs/GCE

Since fixed‒potential amperometry is a simpler 
and usually more sensitive method than cyclic 
voltammetry, it was used to appraise the lower 
limit of detection for the proposed sensor. The 
amperometric response of the rotated Ru/Gr‒Cs/
GCE (rotation speed 1000 rpm) to the successive 
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injection of 0.3 µM, 1.0 µM and 0.1 mM of 
hydrazine in 10.0 ml 0.1 M PBS solution at 0.35 
V (vs. Ag/AgCl) are demonstrated in Figs. 8A, B, 
and C, respectively. As can be seen, the modified 
electrode responded rapidly and approached 95% 
of the steady-state current within 3s. The plots of 
currents vs. hydrazine concentration are shown 
in insets of Fig. 8. Three linear ranges of 0.30–7.0, 
1.0–18.0 and 200.0–1800.0 μM were obtained for 
hydrazine determination. The linear least squares 
calibration equation over the range of 0.30–7.0 
μM was I/μA = 0.0536 [N2H4]/μM + 0.0173, with 
a correlation coefficient of 0.9957. The detection 

limit (signal to noise ratio of 3) was calculated as 
90.0 nM, and the sensitivity of the sensor was 53.6 
nA/μM. For a high concentration of hydrazine 
due to partial coverage of the electrode surface by 
adsorbed hydrazine and its oxidation products, 
the plot of current vs. N2H4 concentration deviates 
from linearity (inset of Fig. 8C).

The analytical performances of the constructed 
electrode and other electrodes for the detection of 
hydrazine are compared and listed in Table 1.  based 
on the results, the analytical performances for Ru/Gr‒
Cs/GCE are comparable and even better than those 
obtained at several electrodes reported recently.
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Table 1.Comparison of the performances of various hydrazine sensors. 
 

Electrode 
Detection limit 

(μM ) 
Linear range 

(μM) 
Applied potential 

(V) 
Ref. 

(Ni(II)–BA–MWCNT‒PE)a 

 

AuNP‒GPE 
 
HMWCNTb modified GCE 
 

0.8 
 

3.07 
 

0.68 
 

2.5−200 
 

0.05−250 
 

2−123 
 

0.37 
 

0.30 
 

0.22 
 

[8] 
 

[19] 
 

[20] 
 

MnHCFc modified graphite–wax composite electrode 
 

6.65 33.3−8180 0.45 [21] 

PCVd modified GCE 
 
o‒APe modified GCE 
 
Ru/Gr‒Cs/GCE 

4.2 
 

0.05 
 

0.09 

5−500 
 

2−20 
 

0.3−1500 

0.3 
 

0.15 
 

0.35 

[22] 
 

[23] 
 

This work 

a Ni(II)–BA–MWCNT-PE: Ni(II)–baicalein multi-wall carbon nanotube paste electrode. 
b HMWCNT: hematoxylin multi-wall carbon nanotubes. 
c MnHCF: manganese hexacyanoferrate. 
d PCV: pyrocatechol violet. 
e AP: aminophenol. 
 
 
 
 
 
 
 
 
  

Table 1. Comparison of the performances of various hydrazine sensors.
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Fig. 9. A Amperometric response at Ru/Gr-Cs/GC electrode (rotation speed 1000 rpm) for the successive additions of 50 μM N2H4 
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PBS (pH 7.0), for 25 µM N2H4 during 2000 s.
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We also investigated the selectivity of the sensor 
towards common interfering species. Fig. 9A 
shows the amperometric response of Ru/Gr‒Cs/
GC modified electrode for successive addition of 
50.0 µM hydrazine (a and b), 100 folds sucrose(c), 
glucose(d), NaNO2(e), Mg2+(f), 50 folds Ca2+(g), 
Cd2+(h) and 50.0 µM hydrazine (i and j) in a 10.0 
mL 0.1 M PBS solution at 0.35 V. The increased 
initial current response was due to the addition 
of 50.0 µM hydrazine. After six additions, no 
changes of the current response were observed. 
Subsequently, 50.0 μM of hydrazine was added to 
the same solution and an increase of the current 
response was observed. The above experimental 
results indicate that the Ru/Gr-Cs/GCE has a good 
selectivity to hydrazine determination. 

Another advantage of our proposed sensor was 
the highly stable amperometric response of the 
modified electrode toward hydrazine detection. 
The amperometric responses of Ru/Gr-Cs/GC 

 
 
 
 
 
 
Table 2. Determination of hydrazine in water samples (n=3). 
 

sample Added (μM ) Founded (μM) RSD(%) Recovery(%) 
Sample 1 24 22.76 2.2 94.83 
Sample 2 42 41.15 1.8 97.97 

 
 

modified electrode for 25.0 μM hydrazine were 
recorded over a continuous period of 2000 s (Fig. 
9B). As shown, the response remained stable 
throughout the experiment, indicating that the 
Ru/Gr‒Cs/GCE imparted higher stability for 
amperometric measurements of hydrazine.

To evaluate the applicability of the proposed 
sensor, it was employed to determine hydrazine 
in a drinking water sample. We measured the 
concentration of hydrazine in an artificially 
prepared specimen, by adding known amounts 
of N2H4 to water samples. The standard addition 
method was used for determination of N2H4 in 
this specimen. The recorded amperograms of the 
modified electrode and the calibration curve for 
sample 1 from Table 2 is shown in Fig. 10. The 
recovery percentage obtained by the method reveals 
the capability of the sensor for determination of 
hydrazine in drinking and river water samples. The 
results are shown in Table 2.

10 
 

 

 

 

Fig. 10 

 

  

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 50 100 150 200

I/
µA

t/s

y = 0.0147x + 0.3347
R² = 0.9836

0
1
2
3
4
5

0 100 200 300

I/
µA

[hydrazine]/µM

Fig. 10. Amperometric response of Ru/Gr-Cs/GC electrode (rotation speed 1000 rpm) held at 0.35 V in PBS (pH 7.0), and in real 
sample pH 7.0 (sample 1 from table 2) in the presence of different concentrations of N2H4 (0, 10, 50, 100, 150 and 200 μM). Inset) 

Plot of current vs. hydrazine concentration.

Table 2. Determination of hydrazine in water samples (n=3).
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CONCLUSION
In this work, a novel sensor based on Ru/Gr‒Cs 

nanocomposite was fabricated for the determination 
of N2H4, which exhibited significantly good 
electrochemical characteristics, including broad 
linearity (0.3 to 1.5 mM), excellent detection limit 
(90.0 nM), long-term stability and good sensitivity 
(53.6 nA/μM). The designed sensor showed 
excellent electrocatalytic activity with catalytic rate 
constant (kcat) of 6.3 ×103 M-1s-1 toward oxidation of 
hydrazine. The special performance of this sensor 
can be attributed to the large surface area, excellent 
catalytic activity and high conductivity of graphene, 
the good biocompatibility and film-forming ability 
of chitosan, and the excellent catalytic activity of 
Ru.
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