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Abstract. The electrochemical sensing property of multi-layer
graphene nanobelts (GNB) towards hydrazine is studied. The
developed hydrazine sensor showed the sensitivity value of 0.08
pA pM? cm? with a linear range of 10 uM to 1.36 mM. The
interference data also exhibited high selectivity to hydrazine even
in the presence of common interfering species like ascorbic acid,
uric acid, glucose and lactic acid.

1. Introduction

Hydrazine is a highly toxic and carcinogenic chemical which has

been widely used industrial and pharmaceutical

applications including rocket propellant, explosives, herbicides,

in  many

corrosion inhibitor and oxygen scavengerl. Although, hydrazine has
lots of potential applications, its long-term exposure to human
beings can cause severe serious health problems. Exposure towards
high concentrations of hydrazine leads to different health problems
including brain and DNA damage, deterioration of central nervous
system while low concentration creates dizziness, irritation of eyes,
nose and throat®. World Health Organization (W.H.0) has classified
hydrazine as group B2 human carcinogensB. Therefore, it is very
much important to develop sensor for the sensitive detection of
low and high concentrations of hydrazine in both environmental
and industrial sectors. A plethora of methods including
conductometry“, electrochemicals, coIorimetry6 and fluorescent’
have been extensively employed for the detection of hydrazine.
based sensors find
potential high

selectivity, sensitivity, low detection limit, wide linear range,

Among these methods, electrochemical

attention widely attracted because of their
stability, reproducibility, simplicity and low cost®,

A variety of nanomaterials including nanostructured metals and
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metal nanoparticles‘q_12 nano-conducting polymerslg”14 have been
widely explored in electrochemical sensor application during the
past few decades. In addition to the aforementioned materials,
carbon nanomaterials such as carbon nanofiber, carbon nanotube
(CNT), carbon nano horn and graphene have also been used in
electrochemical sensors due to their high-quality crystal lattices,
high carrier mobility and low noise™ ", Among these, graphene has
attracted huge attention among researchers since 2004 because of
its unusual structural characteristics, electronic flexibility and

attractive physical and chemical propertiesls‘lg.

Moreover, graphene based nanomaterials are believed to provide a
new path for the development of high performance electrochemical
sensors due to their enhanced electrochemical active surface area
and good electron transport propertyzo. Very recently, there has
interest on the use of novel graphene

been an immense

nanostructures like ultra-thin graphene nanoflakes, graphene
nanoribbons as an electrode material because of its high specific
surface area compared to single exfoliated graphene sheet and

21-24
carbon nanotube

. Furthermore, these nanostructures have
edge defects and can be expected to show more reactivity towards
chemical species compared to pristine graphene. However, these
novel graphene nanostructures have been scantily explored on the
development of electrochemical sensors. Yuan et al. investigated
the electrochemical properties of graphene samples with both basal
and edge plane defects and found that edge plane samples show
high electron transfer rate and strong electrocatalytic activity
compared to the basal one®. With this objective, the present study
aimed to develop an electrochemical sensor for the detection of
hydrazine using multilayer graphene nanobelts (GNB). The
schematic of GNB based electrochemical hydrazine sensor used in
the present study and its sensing mechanism is shown in Fig. 1. To
the best of our knowledge, there has been no report on the use of
GNB in electrochemical hydrazine sensors. For the first time, the as-
synthesized GNB s the
electrochemical detection of hydrazine.

used as an active material for
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Fig. 1 Schematic representation of hydrazine sensing mechanism at
GNB/GCE

2. Experimental methods.

2.1 Synthesis of Graphene Nanobelts (GNB):

Natural graphite was obtained from Nacional de Grafite, Brazil and
used as received. GNB was prepared by adopting the method
already reported in the literature®. Briefly, a required amount of
graphite was dispersed in 100 ml of isopropanol (volume: 1 mg/mL)
for 2 hrs using an ultrasonic bath and subsequently dried in an
incubator for further use. Details of the synthesis process can be
found elsewhere®’.

2.2
Measurements :

Characterization  Techniques  and Electrochemical
The surface morphology of the GNB samples were analysed by
Field-Emission Scanning Electron Microscopy (FESEM) MERLIN
Compact with GEMINI | electron column, Zeiss Pvt. Ltd., Germany).
Raman spectra were obtained by using Micro-Raman spectroscopy
in confocal configuration (NT-MDT NTEGRA Spectra, with 473 nm
laser source). All the electrochemical measurements were
performed using PG262A potentiostat/galvanostat (Technoscience
Ltd., Bangalore, India).

consisting of a glassy carbon electrode (GCE) (CHI104, CH

A conventional three-electrode cell
Instruments Inc, USA) as the working electrode. A saturated
Ag/AgCl and a Pt wire were used as the reference and counter
electrode respectively. All the experiments were performed at
room temperature (25+ 1 ° C). 0.1 M phosphate buffer solution
(PBS) with the pH value of 7 was used as the supporting electrolyte.
Amperometric experiments were carried out under continuous
stirred condition by applying a potential of 0.5V vs Ag/AgCl.

2.3 Preparation of GNB modified GCE (GNB/GCE):

Prior to modification, glassy carbon electrode (GCE) was first
cleaned by using 1pm and 0.05 um alumina powders. Generally,
alumina powder with the particle size of 0.05 um is used to remove
the scratches on the electrode surface. However, in order to make
the electrode surface very uniform without any scratches and also
to get rid of surface impurities, alumina powder with a particle size
of 1um is also used in the present study. After polishing, the
electrode is cleaned by sonication in water and ethanol for 5 min

2| J. Name., 2012, 00, 1-3
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respectively. As-prepared GNB was dispersed by sonication in
ethanol (1 mg/ mL) for 30 min to form a homogenous dispersion.
Then, 5 pL of the GNB dispersion was drop cast onto the GCE
surface and dried at room temperature for 10 min to obtain
GNB/GCE.

3. Results and Discussion

3.1. Microscopic and spectroscopic characterization of GNB:

Fig. 2A, B show the FESEM images of as-prepared GNB. The images
show very thin flakes of GNB in different dimensions with large
amount of active edges. The presence of active edges on the GNB
surface is expected to play an important role for the electron
transfer processes during the electrochemical detection of the
analyteszs. FESEM image also shows a number of wrinkles on GNB
surface which actually help to facilitate the electron transfer
processeszg. Fig. 2C shows the Raman spectral data of GNB. The
spectrum shows a peak at 1357 cm™ corresponding to D band
which indicates that the as-synthesized GNB has very low defect
densityso. Another two peaks at 1581 em? and 2720 cm?
corresponding to the presence of characteristic G and 2D bands of
graphene respectively. The total number of layers present on the
graphene surface can be easily determined from the relative
intensity ratio between G and 2D band i.e. Ig/l,p < 1 for single layer
graphene and lg/l,p >1 for few-layer graphene and this value
normally increases with increasing number of layers. In the present
study, the value of Ig/l,p is estimated to be 2.2. This observation
inferred that the as-prepared GNB consists of multilayers of

31,32
graphene
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Fig. 2 Two SEM images taken with different magnification, showing
randomly oriented nanobelts. Scale bar: (A) 30 um and (B) 10 um.
(C) RAMAN spectrum of as-preapred GNB measured by using 473
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nm laser showing three peaks; D band — 1357 cm'l; G band — 1581
cm'l; 2D band —2720 cm™.

3.2. Electrochemical behaviour of GNB/GCE:

The electrochemical properties of GNB/GCE were investigated by
performing cyclic voltammetry (CV) measurements in a solution
containing 5 mM potassium ferrocyanide and 0.1 M KCl at a scan
rate of 40 mV s (Fig. 3A). It can be observed from the data that
bare GCE shows a couple of redox peaks with the peak to peak
potential difference value (AE,) of 112 mV. On the other hand,
GNB/GCE shows enhanced redox peak currents with AE; value of 67
mV. The large difference in the AE, value has been attributed to
the large surface to volume ratio and high electrical conductivity of
the GNB. The interfacial properties of GNB/GCE were further
by  performing
spectroscopy measurements. Fig. 3B shows the Nyquist plots of
bare and GNB modified GCE measured
ferricyanide solution containing 0.1 M KCl. It can be seen that a

characterized electrochemical  impedance

in 5mM potassium

small semicircle with a straight line is observed for bare GCE in high
and low-frequency regions respectively. While GNB/GCE shows a
straight line in the low-frequency region with a depressed
semicircle in the high-frequency region (top inset of Fig. 3B).
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Fig. 3 (A) CV data of (a) bare GCE (Ep,- 242 mV; E;. - 120 mV ; |, —
36.8 LA ; I, — 27.8 pA) and (b) GNB/GCE (E,y - 213 mV; E,e - 146 mV
5 lpw - 125.4 pA ; I, — 113.4 pA) measured in 0.1 M KCI solution
containing 5 mM potassium ferrocyanide, scan rate - 40 mV st (B)
Nyquist plots of bare GCE and GNB/GCE measured in 0.1 M KCl
solution containing 5 mM potassium ferrocyanide. Top inset is the
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expanded view of Nyquist plot obtained for GNB/GCE and bottom
inset is the fitted equivalent circuit

Further, the impedance data were analyzed by fitting it with
standard equivalent circuit models in order to extract the electrical
parameters. The most satisfactory circuit model for the measured
impedance data is shown as bottom inset of Fig. 3B consisting of
solution resistance (R;) connected in series to the parallel
combination of the constant phase element (CPE) and charge
transfer resistance (R.) in series with the Warburg impedance (W,).
The extracted values of R, correspond to bare and GNB/GCE are 2.4
kQ and 40 Q respectively. These values imply that unmodified GCE
shows large interfacial impedance value and when it is modified
with GNB, the R value tremendously decreased, indicating that
GNB possesses high electrical conductivity which could accelerate
the electron transfer reaction between the electrode and
electrolyte interface. Thus, the as-prepared GNB is expected to act

as a suitable material for the sensitive determination of hydrazine.

3.3 Electrochemical sensing property of GNB/GCE towards
hydrazine:

In order to ascertain the sensing property of GNB/GCE towards
hydrazine, CV measurements were performed. Fig. 4 shows the CVs
of bare GCE and GNB/GCE in the absence and presence of 1mM
hydrazine in 0.1 M PBS at a scan rate of 40 mV s In blank
phosphate buffer solution (PBS), bare GCE and GNB/GCE does not
show any characteristic peak in the measured voltage range.
Meanwhile addition of hydrazine generated a negligible amount of
oxidation current in bare GCE without any characteristic peaks
indicating the poor electrocatalytic ability towards hydrazine
oxidation. When 1mM hydrazine was added, GNB/GCE exhibited a
large oxidation peak at 0.6 V in the potential range between 0.4 and
0.8 V. The existence of peak with large oxidation current in the
presence of hydrazine clearly suggests that the GNB/GCE showed
good electrocatalytic property towards hydrazine.

0.154

—— Bare GCE
—— Bare GCE in 1 mM hydrazine
0.1291 — GNBI/GCE
—— GNBJ/GCE in 1 mM hydrazine
<« 0091
£
= 0.06
2
S 0.03-
0.00 1
0.0 0.2 04 06 038 1.0 1.2
Voltage / V

Fig. 4 Comparative CV data of GCE and GNB/GCE in the presence

and absence of 1 mM hydrazine in 0.1M PBS (pH 7). Scan rate: 40
-1

mVs".

The scan rate dependence on the electrochemical response of
GNB/GCE towards hydrazine oxidation has been investigated and

J. Name., 2013, 00, 1-3 | 3
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the results are shown in Fig.5A. The scan rate dependence
experiments were performed in 0.1M PBS containing 1mM
hydrazine at various scan rates using CV technique. The observed
CVs at different scan rates indicate that by increasing the scan rate,
the oxidation peak current (I,) increases correspondingly suggesting
that the oxidation process occurring at the surface of GNB electrode
is a diffusion controlled one. Fig. 5B shows a plot of oxidation peak
current (l,) against the square root of the scan rate which exhibits a
linear relationship between the two parameters that again confirms
the occurrence of diffusion controlled electron transfer process33
on the GNB/GCE surface. The corresponding linear equation can be
represented by Eq. 1

Ip(mA) = 0.0034 (vi) (mVzs) + 0.0036 (1)
For a completely irreversible diffusion controlled processes, the
relation between the oxidation peak current (I;) and the square
root of the scan rate (V%) can be expressed as Eq. 2%

Ip = (2.99 x10%) n [(1 - 0)n,]/2 ACy Dy v'/2 (2)
where n is the number of electrons involved in the overall hydrazine
oxidation process, a is the electron transfer coefficient, n, is the
number of electrons transferred in the rate determining step, A is
the electrode area (0.07 cmz), Co is the bulk concentration of
hydrazine (0.1 x 10 mol m'3).

8 mv

Current / mA

o

o
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N
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Fig. 5 CV data of GNB/GCE measured in 0.1 M PBS (pH 7) containing
1 mM hydrazine at different scan rates. (d) Linear plot of oxidation
peak current against the square root of scan rate

By considering the reported value of Dyand (1-a)n, for graphene
as 2.2 x 10° cm® st and 0.48 22’28, the number of electrons
transferred in the hydrazine oxidation processes (n) can be
calculated using Eq. (2) and it is found to be 4. From the above
observation, it is inferred that the overall hydrazine oxidation
involves four- electrons transfer which is consistent with the

4| J. Name., 2012, 00, 1-3

literature reports”and the reaction mechanism can be represented
by Egs. 3 and 4.

N,H, + H,0 - N,H; + H;0" +e”
N,H; + 3H,0 — N, + 3H;0* + 3e~

(slow)
(fast)

(3)
(4)

Here, the first equation is the rate determining slow step in which
one electron transfer is involved followed by a fast second step
involving three electron transfer processes. Thus, the overall
hydrazine oxidation reaction can be expressed by Eq. 5.
N,H, + 4H,0 — N, + 4H;0" + 4e” (5)
Fig. 6 shows the chrono-amperometric response of GNB/GCE on
successive addition of different concentrations of hydrazine in 0.1M
PBS solution at a constant potential of 0.5 V. Upon each addition of
hydrazine, the developed sensor exhibited quick and sensitive
response. The response of the sensor achieved a steady state within
10 s (ESI Fig. S1) indicating the fast electrocatalytic behaviour of
GNB. From the amperometric response data, a calibration plot was
constructed by plotting concentration of hydrazine against
oxidation current. From the data (Fig. 6B), it has been observed
that the oxidation peak current (l,) increases linearly with increase
in hydrazine concentration.
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Fig. 6 (A) Chrono-amperometric response of GNB/GCE upon

successive addition of different concentrations of hydrazine (in pM)
(a) 10 (b) 20 (c) 30 (d) 50 (e) 60 (f) 80 (g) 100 (h) 200 into 0.1 M PBS
(pH 7) at 0.5 V. (B) Calibration plot of the hydrazine sensor with the
Eitted linear equation I,(mA) = 5.3 x 10° [hydrazine](uM) + 9.1 x 10°
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The limit of detection (LOD) and limit of quantification (LOQ) of the
amperometric hydrazine sensor were calculated as described in*
which are found to be to be 1.13 uM and 3.76 uM respectively and
the sensitivity value is estimated to be 0.075 pA pM™ cm™. The
stability of GNB/GCE towards hydrazine electrochemical oxidation
was ascertained by recording 100 consecutive cyclic
voltammograms in 0.1M PBS containing 2mM hydrazine at a scan
rate of 40 mV s™". It was estimated that about 85% of the oxidation
current was retained in the 100" cycle indicating that the
developed GNB based hydrazine sensor showed superior stability
during the entire process. Two types of structural defects are
believed to be present in graphene sheets viz. basal and edge which
are reported to exhibit two different electrochemical properties.
Graphene sheets with edge plane are found to exhibit superior
electrochemical performances compared to the basal planezs. In
order to compare the performance of GNB in the present study
with the reported sensors based on other nanomaterials and
graphene modified electrodes, a table has been compiled which is
shown in ESI (Table 1). From the table, it is evident that the
developed GNB sensor shows good performance in terms of high
sensitivity and good linear rangezz‘zg’wm. It is also worth
mentioning that the developed sensor shows long range linearity in
the concentration range between 10 uM and 1.3 mM. Thus, the
detection of hydrazine at low and high domain can be easily
achieved by employing GNB which will be very helpful to develop
sensors in both public and industrial sectors. These observations
clearly revealed the role of edge defects on enhancing the
electrochemical performance of graphene-based sensors.

The influence of some electroactive species on the sensing property
of GNB/GCE towards hydrazine was investigated by performing
amperometry measurements. Fig. 7 shows the amperometric
responses of GNB/GCE for the successive addition of different
concentrations of hydrazine and 50 puM uric acid, dopamine,
ascorbic acid, glucose and lactic acid at a regular interval of 100 s in
0.1 M PBS at an applied potential value of 0.5 V.

4.0x10°

3.0x10°

2.0x10°

Current / mA

1.0x107%-

0.0

200 400 600 800 1000 1200 1400
Time/s

Fig. 7 Interference study of GNB/GCE in 0.1 M PBS with different
concentrations of hydrazine: al — 10 pM, a2 -20 uM, a3 — 90 uM, a4
— 100 pM in the presence of 50 uM (b) uric acid, (c) dopamine (d)
ascorbic acid (e) glucose and (f) lactic acid. Applied potential - 0.5 V.
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It can be observed from the plot that upon the addition of
hydrazine, the increase in current value was observed which is
further increases with increase in hydrazine concentration. In a
similar way, the addition of glucose and uric acid also increase the
current response to a negligible extent (< 5 %), However, no
significant change in the current value was observed during the
addition of 50 uM of other interfering species. Hence, GNB/GCE
shows sensitive and selective response towards hydrazine even in
the presence of various co-existing interfering species thus
exhibiting its good selectivity.

Conclusions

The electrochemical sensing properties of GNB towards
hydrazine were investigated. Larger surface area and
enhanced electrochemical properties due to large number of
active edges played important role for the detection of low
concentration of hydrazine. The developed GNB based
hydrazine sensor showed high sensitivity value of 0.080 pA
um™ cm™ with a LOD value of 1.1 1M. Thus, GNB emerge as an
active material for the electrochemical sensing of hydrazine
and this work opens a way to develop practical hydrazine
sensors for various environmental and industrial applications.
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