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Abstract. In-situ electrochemical deposition of cobalt hexacyanoferrate (CoHCF) on graphene oxide (GO) and its
application for the electrocatalytic hydrazine determination in real samples are described in this research study. Co2? is
immobilized on GO and the resulting material, GO-Co2? is coated on the surface of glassy carbon (GC) electrode. The
fabricated electrode (GC/GO-Co2?) is subjected to a continuous potential cycling in the range of 0.0–1.0 V which results
in the formation of a thin CoHCF film on the surface of GO coated on the GC electrode (abbreviated as GC/GO-CoHCF).
The synthesized GO-CoHCF composite material is characterized by Fourier transform infrared and scanning electron
microscopy. GC/GO-CoHCF electrode electrocatalytically oxidizes hydrazine at low overpotential (0.63 V) and this
phenomenon is subsequently utilized for the sensitive determination of hydrazine in aqueous solutions. It exhibits a wide
linear calibration range (0.1–400 lM), high sensitivity (0.93 lA lM-1 cm-2) and low limit of detection (17.5 nM) for
the determination of hydrazine. Further, this electrode is employed for hydrazine determination in real samples.
Keywords. Graphene oxide; cobalt hexacyanoferrate; hydrazine oxidation; cyclic voltammetry; amperometry;
electrocatalysis.

1.

Introduction

Graphene is a two-dimensional sheet with a single carbon
atom thickness containing sp2 hybridized carbon atoms
arranged in a honeycomb pattern which makes it the
strongest and thinnest rigid material in the world. It is an
excellent conductor of heat and electricity. It also exhibits
other superior properties like high mechanical strength and
high transparency [1,2]. When the contiguous aromatic
lattice of graphene is obstructed by certain functional
groups (like alcohol, carbonyl, epoxide and carboxylic
acid), graphene oxide (GO) is formed [3–7]. The functional
groups attached on the basal planes (hydroxyl and epoxide)
and on the sheet edges (carbonyl and carboxyl) show efficient bio-compatibility and high water solubility which are
quite useful for further functionalization [3–6]. GO is used
in several electrochemical sensors and it enhances the
sensor sensitivity due to its electrocatalytic properties
[3,6,7].
Modification of electrode surfaces by an inorganic film is
a very attractive approach for the development of electrochemical sensors [8]. Transition metal hexacyanoferrates
(TMHCFs) are polynuclear mixed-valence compounds

having open and zeolite-type structures. They are extensively used as electrode modifiers due to their efficient
electron transfer properties [9–12]. TMHCFs are preferred
over the other electron transfer mediators since the redox
reactions at TMHCF films can be carried out without the
dissociation of materials [12]. The interfacial properties of
solid electrodes can be advantageously tuned by the thin
films of TMHCFs. Though Prussian blue is one of the wellknown TMHCFs, a wide range of other TMHCFs (such as
chromium, nickel, cobalt, copper, vanadium, etc.) film
integrated electrochemical sensors are also reported [9,10].
To immobilize TMHCF on the electrode surface, different
ways are adopted, however, the typical approach is the
immersion of an electrode in a solution containing the
mixture of respective transition metal ion and potassium
ferricyanide and subsequent application of certain potential
or cycling the electrode potential over a potential range
[11]. Cobalt hexacyanoferrate (CoHCF) is an analogue of
Prussian blue [13,14] in which both iron and cobalt have
two oxidation states [12,15]. CoHCF film-modified electrodes are also frequently exploited as electrode modifiers
mainly due to its well-defined redox properties and
stable electrochemical response [9]. CoHCF exhibits
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electrocatalytic properties towards several oxidation and
reduction reactions [9,12,15].
Nowadays, hydrazine is recognized as one of the major
analytes of interest due to its far-reaching applications in a
number of fields such as agricultural, industrial, military,
pharmacological and aerospace technology [16]. It is
exploited as a plant growth regulator, rocket propellant,
corrosion inhibitor, antioxidant and explosive [17,18]. In
addition, hydrazine is extensively used as a precursor in
the production of insecticides, pesticides, herbicides and
certain pharmaceuticals. Hydrazine is also used as an ideal
fuel in fuel cells since its electro-oxidation produces green
products only [12]. However, hydrazine is a toxic pollutant
and has been acknowledged as carcinogenic, neurotoxic
and hepatotoxic causing a number of adverse effects on
human health such as irreversible nervous system damage,
organ (liver, brain and DNA) damage and blood abnormalities [9,16,18]. Since the oxidation of hydrazine
requires a large overpotential at traditional electrodes,
electrodes modified with electrocatalytic material are used
which can decrease the oxidation overpotential significantly and increase the oxidation current response [16,18].
The maximum permitted level of hydrazine in water and
industrial effluents is 1 ppm, therefore, it is required to
develop highly sensitive, selective, rapid and a precise
analytical method for the determination of low levels of
hydrazine [12,16–18]. Combining the extraordinary electron transfer properties of GO with the excellent electrocatalytic properties of CoHCF is a promising direction to
obtain improved analytical parameters in terms of sensitivity, selectivity, detection limit and calibration range.
Accordingly, in this work, CoHCF immobilized on the
surface of GO is used for the sensitive determination of
hydrazine in real samples.

2.
2.1

Experimental
Chemicals

Graphite powder was purchased from Sigma-Aldrich.
Sodium hydroxide, potassium ferricyanide, cobaltous
chloride hexahydrate and potassium chloride were purchased from Qualigens (India). Hydrazine and N,Ndimethylformamide were procured from SD Fine Chemicals
(India). Sodium chloride was purchased from Rankem
(India). All other chemicals and reagents were of analytical
grade and used as received without any further purification.

2.2

Instrumentation

PerkinElmer spectrophotometer (spectrum two) was used to
record the Fourier transform infrared (FT-IR) spectra of
samples using KBr pellet over the range of 400–4000 cm-1.
Scanning electron microscopy (SEM) analysis is performed
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by FEI Quanta 200. Electrochemical workstation CHI-660C
(CH Instruments, USA) was used to study the electrochemical behaviour of various electrodes. Glassy carbon
(GC) electrode of surface area 0.071 cm2 was used as a
working electrode. Counter and reference electrodes were
thin Pt wire and saturated calomel (Hg and Hg2Cl2) electrode, respectively. The electrochemical impedance spectroscopy (EIS) was measured at an applied potential of
0.2 V in the frequency range, 1.0 Hz to 100 kHz with 5 mV
amplitude. Prior to each electrochemical experiment, high
purity nitrogen gas was purged into the electrolytic solution
for 10–20 min to remove the dissolved oxygen.

2.3

Fabrication of modified electrodes

GO was prepared from graphite powder by modified
Hummers’ method as reported earlier [7]. Immobilization of
CoHCF on GO was achieved by two steps: (i) immobilization of Co2? on the surface of GO by ion-exchange to
prepare GO-Co2? material and (ii) electro-deposition of
CoHCF using GO-Co2? coated GC electrode.
To prepare GO-Co2? material, GO (50 mg) was dispersed in 25 ml triple distilled water by sonication
(30 min). A few drops of NaOH (15%) were added to make
the suspension slightly basic (pH 8). Cobaltous chloride
hexahydrate (150 mg) was dissolved in 10 ml triple distilled water and it was slowly added to the prepared GO
suspension under stirring. This mixture was equilibrated by
stirring for 24 h at room temperature. After 24 h equilibration, it is expected that the Co2? ions get immobilized on
the GO surface through the organic functional groups
(carboxyl or hydroxyl) present in the GO. The product
obtained, GO-Co2? was filtered and washed extensively
with triple distilled water until no chloride ions were present
in the filtrate. The product, GO-Co2? was dried in an oven
at 50°C. To understand the importance of organic functional
groups for the immobilization of Co2?, a control sample
(abbreviated as Gra-Co2?) was also prepared by equilibrating graphite (50 mg) with cobaltous chloride hexahydrate (150 mg) following the experimental conditions stated
above.

3.
3.1

Results and discussion
Preparation of CoHCF film

For the electro-deposition purpose, 10 ll of 0.1% suspension of GO-Co2? (in DMF) is coated on the GC electrode
surface and it is left to dry at room temperature (GC/GOCo2?). GC/Gra-Co2? electrode was also fabricated using
Gra-Co2? in a similar way. The GC/GO-Co2? electrode is
then placed in an electrochemical cell containing 5.0 ml
aqueous solution of 0.1 M NaCl and 0.5 mM K3[Fe(CN)6].
Ten continuous cyclic voltammetry (CV) cycles are
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Figure 1. (A) Consecutive 10 CV cycles at the GC/GO-Co2? electrode in the presence of
0.5 mM K3[Fe(CN)6] and 0.1 M NaCl for the electro-deposition of CoHCF film on the GO surface.
(B) Consecutive 10 CV cycles at the GC/GO-CoHCF electrode in 0.1 M KCl to obtain a constant current
response.

scanned between 0.0 and 1.0 V at the scan rate of
20 mV s-1 (figure 1A). During these cycles, CoHCF is
deposited (equation 1) at the GO surface and after the
electro-deposition, the electrode is removed and rinsed with
triple distilled water for further use:




2:5CoII þ 2K3 FeðCNÞ6 ! CoII1:5 FeðCNÞ6


þ KCoII FeðCNÞ6
The CoHCF electro-deposited electrode (GC/GOCoHCF) is again placed in an electrochemical cell that
contains 0.1 M KCl only. Then it is scanned (scan rate:
20 mV s-1) for 10 continuous CV cycles (figure 1B) to
obtain a stable current response and then it is further used
for other electrochemical studies and applications.
Similarly, Gra-Co2?-modified GC electrode (GC/GraCo2?) is also scanned in the potential range, -0.3 to 1.0
for the electro-deposition of CoHCF in 0.1 M NaCl and
0.5 mM K3[Fe(CN)6] (supplementary figure S1A). After
the 10 continuous CV cycles, this electrode is then
removed from the solution, rinsed with distilled water and
scanned between -0.3 and 1.0 V in an electrochemical
cell containing 0.1 M KCl only, to realize the peaks for
CoHCF (very similar to the treatments done for the GC/
GO-CoHCF electrode) and shown in supplementary figure S1B. A pair of redox peaks around 0.2 V is observed
which is attributed to the [Fe(CN)6]3-/4- redox process
due to the small amount of adsorbed [Fe(CN)6]3- ions on
the electrode surface. A feeble pair of redox peaks is also
observed at 0.67 and 0.80 V indicating a less efficient
formation of CoHCF on the surface of graphite. This
inefficient/feeble formation of CoHCF film on the surface
of graphite (in comparison with GO-CoHCF) emphasizes
the importance of carboxyl or hydroxyl groups for the
immobilization of Co2? and the subsequent formation of
intact CoHCF film on the surface of the carbon based
materials.

3.2

Physicochemical characterization

For the FT-IR and SEM characterization, immobilization
steps are followed similarly, however, indium-tin-oxide
(ITO) coated glass plates (1 9 1 cm2) are used instead of
the GC electrode. Then the GO-CoHCF formed on the ITO
glass plate electrode is rinsed with triple distilled water,
dried and used for SEM studies. For the FT-IR studies, the
GO-CoHCF obtained was scratched and mixed with KBr to
make pellets.
The FT-IR spectra of GO, GO-Co2? and GO-CoHCF are
shown in supplementary figure S2. The FT-IR spectrum of
GO shows peaks for oxygen containing functional groups at
3400 cm-1 (due to O–H deformation [19]) and 1603 cm-1
(due to configurational vibration of aromatic C=C [20]).
These peaks are also present in GO-Co2? and GO-CoHCF
materials. The peaks at 2928 and 2838 cm-1 correspond to
C–H stretching vibrations [21]. The GO-Co2? shows no
characteristic peaks for the presence of Co2? and it is
similar to the spectrum of GO. However, the FT-IR spectrum of GO-CoHCF shows one new peak at 2080 cm-1
which can be assigned to the characteristic C:N stretching
[22–24].
The surface morphology of the material is studied by
SEM analysis. The SEM images of GO and GO-CoHCF
films are shown in figure 2A and B, respectively. Figure 2A
shows the presence of distinct GO sheets while figure 2B
shows the electro-deposited nanocrystals of CoHCF on the
GO sheets. The average size of the CoHCF nanocrystals is
found to be around 150 nm based on the SEM scale
measurements.

3.3

Electrochemical characterization

EIS is used to study the electron transfer process at GC/GO,
GC/GO-Co2? and GC/GO-CoHCF electrodes. EIS
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Figure 2. SEM images of (A) GO and (B) GO-CoHCF materials, respectively.

experiments are carried out in an electrochemical cell
containing 5 mM [Fe(CN)6]3- and 5 mM [Fe(CN)6]4- (1:1
molar ratio) as a redox probe in 0.1 M KCl solution. The
Nyquist plots are shown for all the three electrodes (figure 3A) and the best fit Randles equivalent circuit is shown
in the inset of figure 3A. It is clearly observed that the semicircular portion of the Nyquist plot for GC/GO-CoHCF
electrode is lower than the other electrodes (i.e., GC/GO
and GC/GO-Co2?) and accordingly the charge transfer
resistance (Rct) of GC/GO-CoHCF electrode is also low
(supplementary table S1) [25]. The low Rct value (or high
conductivity) at the GC/GO-CoHCF electrode is due to the
presence of CoHCF on the GO surface. The capacitive
behaviour of GC/GO-CoHCF is examined with n-factor
[26] and it is found to be in the range, 0.70–0.86 (n \ 1)
suggesting the non-capacitive behaviour of the GC/GOCoHCF electrode. The heterogeneous electron-transfer rate

constant (k) is calculated for the electrodes using equation
(2):
h
i
k ¼ RT= CARct ðnF Þ2 ;
ð2Þ
where R is the gas constant, T is the temperature, C is the
concentration of the redox probe, A is the geometric area of
the electrode, n is the number of electrons taking part in the
redox reaction, Rct is the value of the charge transfer
resistance obtained from the Nyquist plot and F is the
Faraday constant. The k values are calculated as 9.26 9
10-6, 1.47 9 10-5 and 5.71 9 10-4 cm s-1 respectively,
for GC/GO, GC/GO-Co2? and GC/GO-CoHCF electrodes.
The highest k value for GC/GO-CoHCF electrode specifies
that the highest electron transfer rate is observed when
CoHCF is immobilized on the GO surface. The CV
responses (figure 3B) of the GC/GO, GC/GO-Co2? and

Figure 3. (A) Nyquist plot of (a) GC/GO, (b) GC/GO-Co2? and (c) GC/GO-CoHCF electrodes. The best
fit Randle’s equivalent circuit is shown in the inset. Rs, Rct, Q and O represent solution resistance, charge
transfer resistance, constant phase element and finite bounded diffusion terms, respectively. (B) CV
responses of (a) GC/GO, (b) GC/GO-Co2?and (c) GC/GO-CoHCF electrodes in the presence of 0.1 M KCl,
5 mM [Fe(CN)6]2- and 5 mM [Fe(CN)6]3-.
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GC/GO-CoHCF electrodes are recorded in the presence of
5 mM [Fe(CN)6]3- and 5 mM [Fe(CN)6]4- containing
0.1 M KCl solution. A pair of redox peaks are noticed in
case of all modified electrodes however, the peak separation, DE (the difference between the anodic and cathodic
peak potentials (Epa - Epc)) for GC/GO-CoHCF (DE =
182 mV) is lower than the peak separations observed for
GC/GO-Co2? (DE = 372 mV) and GC/GO (DE = 495 mV)
electrodes. The decrease in DE and increase in peak current
response further demonstrate the superior electrical conductivity of the GC/GO-CoHCF electrode [27]. This CV
response can be used to determine the electro-active surface
area of the modified electrodes [2,28]. The electro-active
surface area for GC/GO, GC/GO-Co2? and GC/GO-CoHCF
are found to be 0.018, 0.030 and 0.047 cm2, respectively.
CV responses of GC/GO, GC/GO-Co2? and GC/GOCoHCF electrodes are shown in the inset of figure 4. In the
case of GC/GO and GC/GO-Co2? electrodes no specific
redox peaks are seen indicating that the Co2? ions adsorbed
on the GO are not electro-active in this potential region.
GC/GO-CoHCF electrode shows two well-defined oxidation peaks at 0.50 and 0.66 V and two well-defined reduction peaks at 0.46 and 0.63 V due to the redox activity of
Fe2?/Fe3? present in the CoHCF [12]. These two redox
peaks are attributed to the formation of two stable stoichiometric forms of CoHCF, (i) K2CoII[FeII(CN)6] and (ii)
KCoII1.5[FeII(CN)6] [12,29] in which K? ions maintain the
charge neutrality of the complex by entering and leaving the
cyano-bridge metallic framework [12,15]:




KCoII1:5 FeII ðCNÞ6
CoII1:5 FeIII ðCNÞ6 þ Kþ þ e
II



II

K2 Co Fe ðCNÞ6



II



III



ð3Þ
þ

KCo Fe ðCNÞ6 þ K þ e



ð4Þ
Equations (3 and 4) describe the redox behaviour of
CoHCF at the electrode surface. Equation (3) corresponds

Figure 4. CV responses of (a) GC/GO, (b) GC/GO-Co2?and
(c) GC/GO-CoHCF electrodes in 0.1 M KCl in the presence of
0.1 mM hydrazine. Inset shows the CV responses of the same
electrodes in the absence of hydrazine.
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to the redox behaviour of the first peak (E1/2((Epa ? Epc)/
2) = 0.48 V) while equation (4) corresponds to the second
peak (E1/2 = 0.64 V) [12].
3.4

Electrocatalytic oxidation of hydrazine

To study the electrocatalytic property of GO-CoHCF film
towards the oxidation of hydrazine, CV response is recorded at GC/GO-CoHCF electrode in the presence of 0.1 mM
hydrazine in 0.1 M KCl. The CV responses are analysed at
the GC/GO and GC/GO-Co2? electrodes also and the
results are shown in figure 4. At GC/GO-CoHCF electrode,
oxidation of hydrazine is observed at 0.63 V with high
current and a well-defined peak. However, at the GC/GOCo2? electrode hydrazine is oxidized at 0.73 V with low
current and ill-defined peak. Under similar conditions, a
small increase in current is observed above 0.9 V without
any defined peak at the GC/GO electrode. In addition, on
the reverse scan, a cross-over pattern is observed at the GC/
GO electrode indicating the poisoning of the electrode
surface probably by the adsorption of the oxidation products
or intermediate complexes.
Thus, GC/GO and GC/GO-Co2? electrodes are not suitable for the repetitive and sensitive oxidation of hydrazine.
The efficient oxidation of hydrazine at the GC/GO-CoHCF
electrode is characterized by low oxidation peak potential
and high current indicating the ability of GO-CoHCF
composite film towards the electrocatalytic oxidation of
hydrazine.
The effect of scan rate at the GC/GO-CoHCF electrode
for the oxidation of hydrazine is determined by recording
CV response at different scan rates (20–500 mV s-1) in the
presence 0.1 mM hydrazine (figure 5A). The oxidation
peak currents obtained from the cyclic voltammograms are
plotted against the corresponding square root of the scan
rates, which shows a linear plot (inset of figure 5A) indicating a diffusion controlled process of hydrazine oxidation.
The plot between the peak potential and logarithm of the
scan rate shows a linear relation (figure 5B). This suggests a
kinetic limited reaction between the electron transfer
mediator (CoHCF) and hydrazine [12]. The slope obtained
from this plot can be used to evaluate the value of a (i.e., the
electron transfer value), utilizing equations (5 and 6):
Epa ¼ ðb=2Þlog(mÞ þ constant;

ð5Þ

b ¼ 2:303RT=ana F;

ð6Þ

where Epa is the hydrazine oxidation peak potential, b is
the Tafel slope, m is the scan rate, T is the temperature,
R is the gas constant, na is the number of electrons
involved in the rate determining step and F is the Faraday
constant. The value of b is calculated and found to be
191.8 mV from the plot of Epa and log m (figure 5B).
Since the value of b is more than 60 mV, the number of
electrons involved in the rate determining step can be
assumed as 1. Using equation (5), the value of a is found
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Figure 5. (A) CV responses at GC/GO-CoHCF electrode with different scan rates from 20 to
500 mV s-1. Inset shows the linear relation between the oxidation peak current and the square root of the
scan rate. (B) The plot of oxidation peak potential (Epa) against the logarithm of the scan rate.

to be 0.31 which is very close to the other reported values
[26] for similar reactions.
The effect of hydrazine concentration on the current
response is monitored with amperometry also. The potential
is kept constant at 0.6 V and calculated amounts of

hydrazine (from 0.1 to 400 lM) are added at 50 s intervals.
The incremental additions of hydrazine increase the current
regularly as shown in figure 6A. The inset (i) of figure 6A
shows the enlarged view of the amperometry signal from
0.1–10.0 lM of hydrazine. The calibration plot (inset (ii) of

Figure 6. (A) Amperometry responses at GC/GO-CoHCF electrode with incremental additions of
hydrazine (0.1–400.0 lM) at 50 s intervals. Inset (i) shows the magnified view of the amperometry
response from 0.1 to 10 lM concentration of hydrazine. Inset (ii) shows the calibration plot.
(B) Chronoamperometry responses at GC/GO-CoHCF electrode for the additions of 200 lM to 1.2 mM
of hydrazine. Inset shows the plot of current response against the concentration of hydrazine. (C) The plot
of current response against t-1/2 based on the chronoamperometric data in (B). (D) Icat/IL vs. t1/2 plot.
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Comparison of analytical parameters for hydrazine determination of the present sensor with other reported sensors.

Electrodea
CoHCF/GO/CNTs-COOH/GCE
PSS-graphene/GCE
NiHCF-PIGE
GNPs/Ch/GCE
GC/Au-MSM
PDDA@copper(II) hexacyanoferrate nanocubemodified SPCE
Pd nanowire-modified CILE
CeHCF/OMC/GCE
Au-SH-SiO2@Cu-MOF/GCE
CeO2-OMC/GCE
IMWCNT-CCE
GC/GO-CoHCF

Technique

Linear response range
(lM)

LOD
(lM)

References

Amperometry
Amperometry
Amperometry
Linear sweep voltammetry
Amperometry
Amperometry

0.04–10; 10–120
3.0–300
400–4000
0.5–500; 500–9300
5.0–500; 500–18,000
0.03–533.6

0.018
1.0
96
0.1
0.11
0.010

[30]
[16]
[17]
[18]
[26]
[34]

Square wave voltammetry
Amperometry
Differential pulse voltammetry
Amperometry
Differential pulse voltammetry
Amperometry

5–800
1–163
0.04–500
0.04–192
0.6–8.0; 8.0–100.0
0.1–100; 100–400

0.82
0.1
0.01
0.012
0.29
0.017

[31]
[32]
[35]
[36]
[33]
This work

a

CoHCF/GO/CNTs-COOH/GCE, cobalt hexacyanoferrate/graphene oxide/carboxylated carbon nanotubes/glassy carbon electrode; PSS-graphene/GCE,
poly(sodium styrenesulphonate) graphene/glassy carbon electrode; NiHCF-PIGE, nickel hexacyanoferrate paraffin-impregnated graphite electrode; GNPs/
Ch/GCE, gold nanoparticles onto the choline film-modified glassy carbon electrode; GC/Au-MSM, glassy carbon electrode/gold nanoparticle-decorated
mesoporous silica microspheres; PDDA@copper(II) hexacyanoferrate nanocube-modified SPCE, poly(diallyldimethylammonium chloride)@copper(II)
hexacyanoferrate nanocube-modified screen-printed carbon electrode; Pd nanowire-modified CILE, palladium nanowire synthesized on carbon ionic liquid
electrode; CeHCF/OMC/GCE, cerium hexacyanoferrate/ordered mesoporous carbon-modified glassy carbon electrode; Au-SH-SiO2@Cu-MOF/GCE, gold
SH-SiO2 nanoparticles immobilized on copper metal-organic frameworks on glassy carbon electrode; CeO2-OMC/GCE, ceria ordered mesoporous carbonmodified glassy carbon electrode; IMWCNT-CCE, indenedione-modified multi-wall carbon nanotubes carbon ceramic electrode.

figure 6A), shows two linear ranges, 0.1–100.0 and
100.0–400.0 lM. The limit of detection (LOD) and sensitivity are calculated for the determination of hydrazine at
the GC/GO-CoHCF electrode and found to be 17.5 nM and
0.93 lA lM-1 cm-2, respectively. The analytical parameters obtained by this method are compared to the previously reported methods. The performance of the present
electrode is better than the other previously reported sensors not only in terms of LOD [16–18,26,30–33] but also
in terms of the linear calibration range [16,32,33]. For
instance, PSS-graphene/GCE [16], CeHCF/OMC/GCE
[32] and IMWCNT-CCE [33] electrodes show a higher
LOD and smaller linear range than the present method.
With further careful assessment of the parameters mentioned in table 1 we can conclude that the present method/
sensor is better than many other earlier methods/sensors
and can be further used for the electrochemical determination of hydrazine.

3.5

Chronoamperometry studies

In order to determine the kinetic parameters of the electrochemical reaction at the GC/GO-CoHCF electrode,
chronoamperometry studies are performed in the presence
and absence of hydrazine. The chronoamperograms of
hydrazine oxidation at the GC/GO-CoHCF electrode are
shown in figure 6B. As the concentration of hydrazine is
increased from 200 to 1200 lM (0.0, 200, 400, 600, 800,

1000 and 1200 lM), the respective chronoamperograms
show a regular increase in the current response. The inset of
figure 6B shows the plot of current response against
hydrazine concentration which indicates a linear relation.
For the determination of the diffusion coefficient (D),
Cottrell equation is used (equation 7):
h
i
I ¼ nFACo D1=2 =ðptÞ1=2 ;
ð7Þ
where n is the number of electrons involved in the reaction,
F is the Faraday constant, A is the area of the electrode
(0.071 cm2), Co is the concentration of hydrazine
(mol cm-3), D is the diffusion coefficient (cm2 s-1) and t is
the time (s). Linear plots are obtained between I and t-1/2 at
different concentrations of hydrazine and they are depicted
in figure 6C. Based on the slope, the D value is calculated
as 1.8 9 10-5 cm2 s-1 which is in agreement with the
reported value [37].
Chronoamperometric studies can also be helpful for the
determination of the catalytic rate constant (kcat) for the
oxidation of hydrazine at the GC/GO-CoHCF electrode
(equation 8):
Icat =IL ¼ ½pkcat Ct1=2 ;

ð8Þ

where IL is the limiting current in the absence of hydrazine,
Icat is the catalytic current in the presence of hydrazine, t is
the time in s and C is the concentration of hydrazine in M.
The kcat value is evaluated from the slope acquired by
plotting Icat/IL and t1/2 as shown in figure 6D. The
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calculated value of kcat was found to be 6.5 9 103 M-1 s-1
which signifies a high rate of the reaction.

3.6

(2020) 43:245

106.8% indicating that the water samples can be analysed
for the quantitative determination of hydrazine present in
them.

Selectivity, reproducibility and stability studies

Reproducibility of the current response at the GC/GOCoHCF electrode is analysed by measuring the oxidation
peak current from CV response in the presence of 0.1 mM
hydrazine in 0.1 M KCl at 20 mV s-1 (supplementary figure S3). Using a single GC/GO-CoHCF electrode, 10 CV
responses are recorded at the intervals of 1 min. The relative standard deviation of these measurements is calculated
and found to be 2.9% which shows a high reproducibility of
this method. The selectivity of the GC/GO-CoHCF electrode towards the discerning oxidation of hydrazine alone in
the presence of other interfering species is studied using CV
technique. The response of hydrazine oxidation is recorded
in the presence of different kinds of possible interfering
species. It is analysed by recording the CV response of
0.1 mM hydrazine with the addition of a 10 fold excess
(with respect to hydrazine concentration) of interferences as
shown in supplementary figure S4. These interferences are
less than ±10% indicating the high selectivity of the GC/
GO-CoHCF electrode towards the determination of hydrazine. The stability of the proposed sensor is examined by
recording the CV response for 0.1 mM hydrazine. The
relative currents obtained at the intervals of 5 days up to
15 days are compared. Supplementary figure S5 shows the
bar diagram of the current response obtained for the oxidation of hydrazine. It exhibits a reasonable long-term
stability.
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Real sample analysis

The recovery analyses at the modified electrode for real
samples are essential to validate its real world application.
The same is performed at GC/GO-CoHCF electrode in
0.1 M KCl solution for tap water and cigarette extract, since
the tobacco products are known to contain hydrazine and its
derivatives [38]. The water sample is used for the analysis.
However, for the cigarette extract, one cigarette is taken and
its tobacco is transferred to 50 ml water in a beaker. The
mixture was sonicated for 15 min and assumed that the
hydrazine present in the cigarette is extracted into the water.
The mixture is then filtered and the filtrate is used directly
for the analysis. A calculated amount of real sample (tap
water or cigarette extract) is added to the electrochemical
cell and the amperometry signals are recorded. The real
samples are spiked with different amounts of standard
hydrazine (0.01, 0.02 and 0.03 mM) at the intervals of 50 s
and the corresponding current is also recorded. The recovery concentration of hydrazine is calculated on the basis of
current obtained and is shown in supplementary table S2.
The recovery analysis of hydrazine is in the range of 86.0 to

4.

Conclusion

In summary, CoHCF is electrochemically immobilized on
the GO to form a GO-CoHCF composite. The GO-CoHCF
is characterized by FT-IR and SEM techniques. The basic
electrochemical properties of the prepared materials indicate the formation of CoHCF film on the surface of the GO.
GO-CoHCF film is advantageously utilized for the sensitive
determination of hydrazine. The proposed sensor shows a
broad window of linear calibration range (0.1–400.0 lM),
high sensitivity (0.93 lA lM-1 cm-2) and low detection
limit (17.5 nM) with high selectivity, long-term stability
and high reproducibility. Tap water and cigarette extract
samples are analysed for the determination of hydrazine
using this sensor. The recovery analyses display satisfactory
results.
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