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Electrochemically active composite film containing multiwalled carbon nanotubes (MWCNTs) and vita-
min B12 was synthesized on glassy carbon, gold, and indium tin oxide electrodes by the potentiodynamic
method. The presence of MWCNTs in the composite film (MWCNT–B12) modified electrode mediates vita-
min B12’s redox reaction, whereas vitamin B12’s redox reaction does not occur at bare electrode. The elec-
trochemical impedance spectroscopy studies reveal that MWCNTs present in MWCNT–B12 film enhance
electron shuttling between the reactant and electrode surface. The surface morphology of bare electrode,
MWCNT film. and MWCNT–B12 composite film was studied using atomic force microscopy, which reveals
vitamin B12 incorporated with MWCNTs. The MWCNT–B12 composite film exhibits promising enhanced
electrocatalysis toward hydrazine. The electrocatalysis response of hydrazine at MWCNT film and
MWCNT–B12 composite film was measured using cyclic voltammetry and amperometric current–time
(i–t) curve techniques. The linear concentration range of hydrazine obtained at MWCNT–B12 composite
film using the i–t curve technique is 2.0 lM–1.95 mM. Similarly, the sensitivity of MWCNT–B12 compos-
ite film for hydrazine determination using the i–t curve technique is 1.32 mA mM�1 cm�2, and the hydra-
zine’s limit of detection at MWCNT–B12 composite film is 0.7 lM.

� 2010 Elsevier Inc. All rights reserved.m.co
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Vitamin B12 or cobalamin is an organometallic cofactor with a
complex structure [1]. The core structure of cobalamin includes
the corrin ring with a central cobalt ion and the nucleotide loop
with 50,60-dimethyl-benzimidazole base coordinated to cobalt at
the lower axial position. Cobalamin with the backbone structure
may contain different active groups such as water, cyanide, and
histidine coordinated to cobalt at the upper axial position. The
catalysis of reactions such as methylation and isomerization is dri-
ven by the conversion of cobalamin to its cofactor inside the ani-
mal cell [2]. A literature survey shows that vitamin B12’s
electrochemical property has been studied and reported [3,4].
These reports reveal that vitamin B12 exhibits a rich redox chemis-
try centered on the cobalt atom, where the CoIII in the vitamin B12

can be reduced reversibly to CoII and further reduced to CoI. Many
reports also show that vitamin B12 adsorbs on electrode surfaces
and can be used for oxidation or reduction reactions [5–7]. There-
fore, immobilization of vitamin B12 on an electrode is a potential
method for developing electrochemical sensor devices.
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On the other hand, a wide variety of matrices made of carbon
nanotubes (CNTs)1 on the electrode surface for the detection of bio-
organic and inorganic compounds are in the literature [8–11]. The
rolled-up graphene sheets of carbon (i.e., CNTs) exhibit a p-conjuga-
tive structure with a highly hydrophobic surface. This property of
CNTs allows them to interact with organic aromatic compounds
through p–p electronic and hydrophobic interactions [12–14]. These
interactions have been used for preparing composite sandwiched
films for electrocatalysis studies [15] and in the designing of nanode-
vices [16]. Attempts have also been made to prepare hydrophilic sur-
face CNTs to overcome the dispersion problem in aqueous medium
for bioelectrochemical applications [17]. Electrodes modified with
composite films are widely used in capacitors, batteries, fuel cells,
chemical sensors, and biosensors [18–20]. Even though the electro-
catalytic activity of CNTs or protein matrices individually showed
good results, some properties such as mechanical stability, sensitiv-
ity for different techniques, and electrocatalysis of some compounds
are poor. Therefore, in this work, an attempt was made to prepare a
composite film made of CNTs and vitamin B12. A previous report also
1 Abbreviations used: CNT, carbon nanotube; GCE, glassy carbon electrode; MWCNT,
multiwalled carbon nanotube; PBS, phosphate buffer solution; CV, cyclic voltamme-
try; EQCM, electrochemical quartz crystal microbalance; EIS, electrochemical imped-
ance spectroscopy; AFM, atomic force microscopy; i–t curve, current–time curve;
LOD, limit of detection.
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reveals that the Co ligand form of vitamin B12 is a highly efficient
nucleophile that can be used for carbon–carbon bond formation [21].

Hydrazine is a colorless liquid compound and a human carcin-
ogen [22,23]. Hydrazine is also a powerful reducing agent and
widely used in industrial applications as a reagent and catalyst.
Other applications of hydrazine include insecticides, manufacture
of metal films, and pharmaceutics. Because of its wide use in the
environment, the detection and determination of hydrazine be-
comes essential. In the past, various determination methods have
been developed for the detection of hydrazine [24–29]. For exam-
ple, Zhou and Wang reported picomole-level detection of hydra-
zine using the liquid chromatography technique [30]. However,
development of more sensitive and speedy determination methods
is necessary. Even some electrochemical methods have limitations;
for example, unmodified electrodes such as glassy carbon electrode
(GCE) have a pronounced fouling effect, poor selectivity, and poor
reproducibility. To overcome these limitations and enhance the
electrocatalysis reaction of hydrazine, electrodes have been modi-
fied using catalysts such as ZnO nanostructures [31,32], gold nano-
particles [33], and nickel hexacyanoferrate [34]. To further improve
the hydrazine determination efficiency, in this work a composite
film made of multiwalled carbon nanotubes (MWCNTs) incorpo-
rated with vitamin B12 (MWCNT–B12) was prepared and studied.
MWCNT–B12 composite film’s characterization, peak current, and
electrocatalysis activity are reported along with its application in
the determination of hydrazine. The MWCNT–B12 composite film
formation processing involves the modification of electrode with
uniformly well-dispersed MWCNTs followed by modification with
vitamin B12.
Materials and methods

Materials

Vitamin B12, MWCNTs (o.d. = 7–15 nm, i.d. = 3–6 nm, length =
0.5–200 lm), and hydrazine obtained from Aldrich and Sigma–
Aldrich (USA) were used as received. All other used chemicals were
of analytical grade. The preparation of aqueous solution was done
with twice distilled deionized water. Solutions were deoxygenated
by purging with prepurified nitrogen gas. Phosphate buffer solu-
tion (PBS, pH 7.0) was prepared from 0.1 M Na2HPO4 and 0.1 M
NaH2PO4 aqueous solutions.

.sp
Apparatus

Cyclic voltammetry (CV) was performed using an analytical sys-
tem model CHI-1205 potentiostat. A conventional three-electrode
cell assembly consisting of an Ag/AgCl reference electrode and a
Pt wire counter electrode were used for electrochemical measure-
ments. The working electrode was GCE modified with either
MWCNT film or MWCNT–B12 composite film. In all of the experi-
mental results, potential is reported versus Ag/AgCl reference elec-
trode. The working electrode used for the electrochemical quartz
crystal microbalance (EQCM) measurement was an 8-MHz AT-cut
quartz crystal coated with gold electrode. The diameter of the
quartz crystal is 13.7 mm, and the diameter of the gold electrode
is 5 mm. Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using an IM6ex system (Zahner Elektrik,
Germany). The morphological characterizations of various films
were examined by means of atomic force microscopy (AFM,
CSPM4000 microscope, Being Nano-Instruments, China). Ampero-
metric current–time (i–t) curve measurements were performed
using a CHI-750 potentiostat with an analytical rotator (AFMSRX,
Pine Instruments, USA). All of the measurements were carried
out at 25 ± 2 �C.

www
Preparation of MWCNT–B12 composite film modified electrode

The important challenge in the preparation of MWCNT solution
for electrode modification was the difficulty in dispersing it into a
homogeneous solution. In general, the dispersion of CNTs was car-
ried out by physical (milling) and chemical methods (covalent and
noncovalent functionalization). Briefly, by following a previously
reported method [35,36], 50 mg of MWCNTs was heated at
350 �C for 2 h to remove the amorphous carbon and catalyst impu-
rities and then was cooled to room temperature. The heat-treated
MWCNTs were ultrasonicated for 4 h in 20 ml of concentrated HCl
to remove other impurities and were washed several times with
water and then dried at 100 �C in an air oven. These purified and
dried MWCNTs were acid treated using sulfuric acid and nitric acid
(3:1) by 6 h of ultrasonication at room temperature and then were
washed several times with water until the pH of the supernatant
was neutral. These acid-treated MWCNTs were dried overnight at
60 �C. Finally, the uniform dispersion of MWCNTs was obtained
by 6 h of ultrasonication of acid-treated MWCNTs in water.

Before starting each experiment, GCEs were polished by a BAS
polishing kit with 0.05 lm alumina slurry and then rinsed and ultr-
asonicated in double distilled deionized water. The GCEs studied
were uniformly coated with 50 lg cm�2 MWCNTs and dried at
room temperature. The electrochemical deposition of vitamin B12

on MWCNT modified GCE was performed from 0.5 mM vitamin
B12 (in PBS) by consecutive cyclic voltammograms over a suitable
potential region of 0.4 to �1.0 V with a scan rate of 50 mV s�1.
Then the MWCNT–B12 modified GCE was carefully washed with
double distilled deionized water. The concentrations of homoge-
neously dispersed MWCNTs were measured exactly using a
microsyringe..co

m.cn

Results and discussion

Electrodeposition of vitamin B12 at various electrodes and their
characterizations

The electrochemical deposition of vitamin B12 (0.5 mM) on
MWCNT modified GCE present in PBS was performed by consecu-
tive cyclic voltammogram for the preparation of MWCNT–B12 com-
posite film. The suitable potential range for vitamin B12 deposition
is 0.4 to �1.0 V. On subsequent cycles, the cyclic voltammograms
show redox peaks corresponding to vitamin B12 growing at
MWCNT modified GCE (not shown). This above result indicates
that during the cycle, deposition of vitamin B12 takes place on
MWCNT modified GCE surface. The possible adsorption site of vita-
min B12 at MWCNT is given in Scheme 1, where the minimum free
energy is �4.07 kcal mol�1. The docking of vitamin B12 on acid-
treated MWCNTs was carried out using the Lamarckian genetic
algorithm. The simulation conditions such as population size (50),
maximum generations (3000), crossover rate (0.8), mutation rate
(0.2), elitism (5), local search rate (0.06), and local search maximum
steps (100) were kept constant, and the area around the binding site
was varied to obtain the lowest free energy possible. The plot of
binding site area versus free energy in Scheme 1 shows that the
lowest free energy is obtained if the binding site area around
MWCNTs is 135 nm�2. The same plot shows that the free energy de-
creases while the binding site area increases until 135 nm�2; how-
ever, the increase in binding site area higher than 135 nm�2

increases the free energy at the rate of 0.4 cal mol�1 nm�2.
The above-prepared MWCNT–B12 composite film along with

only MWCNT film was characterized using various electrochemical
techniques in PBS. The vitamin B12 modified GCE was not included
in the following studies because there is no deposition or redox
reaction of vitamin B12 on bare GCE. Before transferring the
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Scheme 1. Possible adsorption site of vitamin B12 at MWCNT given by Lamarckian
genetic algorithm. The plot in the scheme shows the change in free energy with
respect to binding site area.

Fig.1. Cyclic voltammograms of bare GCE, MWCNT film modified GCE, and
MWCNT–B12 composite film modified GCE in PBS (pH 7.0), potential scan between
0.4 and �1.0 V, with a scan rate of 20 mV s�1. The inset is the plot of variation of
frequency change (continuous line) and peak current change (dotted line) with the
increase of scan cycles during the consecutive potential cyclic voltammograms of
vitamin B12 at MWCNT-coated gold electrode (0.4 to �1.0 V with a scan rate of
20 mV s�1).

Table 1
Epa, Epc, and Ipc values of redox reactions of MWCNTs and vitamin B12 and surface
coverage concentration (C) of vitamin B12 at MWCNT modified GCE.

Modified electrode Epa (mV) Epc (mV) Ipc (lA) C (nmol cm�2)

Film Species

MWCNT – �25.4 �115.9 3.984 –
MWCNT–B12 CoIIIa 104.9 56.9 5.893 1.82

CoIIb �742.0 �759.0 9.443 1.67

a Co(III) to Co(II).
b Co(II) to Co(I).
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MWCNT–B12 composite film into aqueous solution for electro-
chemical characterizations, the prepared film was washed
carefully in deionized water to remove the loosely attached
vitamin B12 present on the modified GCE. Fig. 1 shows the cyclic
voltammograms of MWCNT–B12 composite film modified GCE,
MWCNT film modified GCE (absence of vitamin B12), and bare
GCE in PBS. The corresponding cyclic voltammograms were mea-
sured at a scan rate of 20 mV s�1 in the potential range of 0.4 to
�1.0 V. Among these three cyclic voltammograms, the E00 of redox
couples of MWCNT–B12 are at �50.5 and 80.9 mV, respectively,
where the redox couples represent the redox reaction of CoIII/II

and CoII/I present in vitamin B12 [37]. Similarly, the redox reaction
of MWCNTs is represented by E00 = �70.7 mV.

The Epa, Epc, and Ipc values of MWCNT film and MWCNT–B12

composite film modified GCEs are given in Table 1. From the Ipc
values, surface coverage concentration (C) of CoIII and CoII species
present in MWCNT–B12 composite film modified electrode is given
in the table. The C of vitamin B12 was calculated using the equation
C = Q/nFA, where Q is the charge involved in the reaction, n is the
number of electrons transferred, F is the Faraday’s constant, and A
is the geometric area of the electrode. The Q values were calculated
using CHI software, the geometric area of GCE is 0.08 cm�2, and the
number of electrons involved in vitamin B12 redox reactions is one
each. The effective area of electrodes was also calculated using the
Randles–Sevcik equation, and the values are 0.01 cm�2 for bare
GCE, 0.02 cm�2 for MWCNT film modified GCE, and 0.02 cm�2 for
MWCNT–B12 composite film modified GCE. These above results
show that the presence of MWCNTs enhances the effective area
of electrode by 2 lm�2 lg�1.

EQCM studies of MWCNT–B12 composite film

The EQCM experiments were carried out by modifying the gold
electrode of electrochemical quartz crystal by uniformly coating
MWCNTs and then drying at 40 �C. The increase in voltammetric
peak current of vitamin B12 redox couples and the frequency de-
crease (or mass increase) are found to be consistent with the
growth of vitamin B12 film on MWCNT modified gold electrodes
(figures not shown). These results also show that the obvious
deposition potential started between 0.4 and �1.0 V. From the fre-
quency change, the change in the mass of MWCNT–B12 composite
film at the quartz crystal can be calculated by the Sauerbrey equa-
tion [1]; however, a 1-Hz frequency change is equivalent to
1.4 ng cm�2 mass change [38,39]. The mass change during vitamin
B12 incorporation on MWCNT modified gold electrode for 30 cycles
is 0.59 lg cm�2. Similarly, from the voltammetric peak charge of
CoIII, C of CoIII in vitamin B12 at MWCNT modified gold electrode
for the 30th cycle is 0.57 nmol cm�2. From the C value and by con-
sidering vitamin B12’s molecular weight, the mass of vitamin B12

deposited on MWCNT modified gold electrode for 30 cycles was
calculated to be 0.77 lg cm�2. This mass change value obtained
from the C result is consistent with the mass change value
obtained from frequency change.

mass changeðDmÞ ¼ �ð1=2Þðf�2
0 ÞðDf ÞAðKqÞ1=2

; ð1Þ

where f0 is the oscillation frequency of the crystal, Df is the fre-
quency change. A is the area of the gold disk, K is the shear modulus
of the crystal, and q is the density of the crystal. The inset of Fig. 1
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Fig.3. EIS of bare GCE, MWCNT film modified GCE, and MWCNT–B12 composite film
modified GCE in 5 mM FeðCNÞ3�6 /FeðCNÞ4�6 in PBS. Amplitude: 5 mV; frequency:
0.1 Hz to 1 MHz. The inset shows the Randles circuit for the above-mentioned
electrodes.
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shows the scan cycles versus current and frequency change plots of
vitamin B12 deposition at MWCNT modified gold electrode. In this
inset plots, the gross change in peak current of CoIII and the
frequency shift over the course of the experiment are found to be
consistent. These EQCM results show that the deposition of vitamin
B12 takes places on MWCNT film.

AFM studies of bare electrode, MWCNT film, and MWCNT–B12

composite film

The MWCNT film and MWCNT–B12 composite film were pre-
pared on indium tin oxide electrodes with similar conditions as
mentioned in Materials and Methods. Then the bare electrode,
MWCNT film, and MWCNT–B12 composite film modified electrodes
were characterized using the AFM technique. The MWCNT film
modified electrode shows uniformly deposited MWCNTs from a
good dispersion solution (not shown). The uneven surface mor-
phology in Fig. 2A is the bare electrode. The MWCNT–B12 compos-
ite film in Fig. 2B shows fibrous clusters of vitamin B12 formed over
MWCNTs. Furthermore, in Fig. 2B, because of the deposition of
vitamin B12 over MWCNTs, the uniform network of MWCNTs is
not as clearly visible as in MWCNT film. Comparison of these
AFM results in Fig. 2A and B reveals a significant morphological dif-
ference between modified and unmodified electrodes. The thick-
ness of both MWCNT film and MWCNT–B12 composite film
obtained using AFM results is 290 nm. However, in MWCNT–B12

composite film, bright clusters reveal slightly greater thickness of
composite film compared with MWCNT film. These AFM results re-
veal the coexistence of MWCNTs and vitamin B12 as a composite
film.

EIS studies of bare GCE, MWCNT film, and MWCNT–B12 composite film

Fig. 3 shows the impedance spectra represented as Nyquist
plots (Zim vs. Zre) for bare GCE, MWCNT film modified GCE, and
MWCNT–B12 composite film modified GCE in 5 mM Fe(CN)6

3�/4�.
The inset of Fig. 3 represents the Randles equivalent circuit model
Fig.2. AFM images of bare electrode (A) and MWCNT–B12 composite film modified
electrode (B).

www.sp

used for fitting the experimental data, where Rs is electrolyte resis-
tance, Ret is charge transfer resistance, Cdl is double layer capaci-
tance, and Zw is Warburg impedance. The semicircle appearing in
the Nyquist plot indicates the parallel combination of charge trans-
fer resistance and double layer capacitance resulting from elec-
trode impedance [40]. All of the above-mentioned electrodes
exhibit semicircles with various diameters in the frequency range
of 0.1 Hz to 1 MHz. The EIS results show that the area of the semi-
circle for bare GCE is greater than that for MWCNT–B12 composite
film, which is greater than that for MWCNT film. To find the elec-
tron transfer efficiency of the electrodes, Ret values were obtained
for all modified and unmodified electrodes by fitting the above Ny-
quist plot results with the Randles equivalent circuit model. The
obtained Ret values for bare GCE, MWCNT film, and MWCNT–B12

composite film are 104, 3.6, and 7.51 X, respectively. The above
values reveal that the charge transfer resistance for MWCNT–B12

composite film is lower than that for bare GCE but higher than that
for MWCNT film. This proves that MWCNTs present in MWCNT–
B12 composite film enhance electron shuttling between reactant
and the electrode surface.

Electrochemical signal of MWCNT–B12 composite film at different pH
solutions

The effect of pH on MWCNT–B12 composite film was studied.
Fig. 4 shows the cyclic voltammograms of MWCNT–B12 composite

m.co
m.c
Fig.4. Cyclic voltammograms of MWCNT–B12 composite film modified GCE in
various pH solutions (scan rate = 50 mV s�1). The inset shows the formal potential
versus pH from 1.0 to 13.0 (slope = �37 mV pH�1), where the slope is almost closer
to the Nernstian equation for nonequal number of electrons and protons transfer.



Fig.5. Cyclic voltammograms of hydrazine (5.1 mM) at bare GCE, MWCNT film
modified GCE, and MWCNT–B12 composite film modified GCE in PBS at 50 mV s�1,
where MWCNT–B12 composite film is shown in both the presence and absence of
5.1 mM hydrazine. The inset is the plot of peak current versus hydrazine
concentration at MWCNT–B12 composite film.

Fig.6. The i–t curve result of MWCNT–B12 composite film in PBS (at 1200 rpm and
potential of 0.2 V) in the presence of hydrazine at 2.0 lM to 3.7 mM. The inset
shows the plot of current versus different concentration of hydrazine obtained
using the i–t curve at MWCNT–B12 composite film.
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film modified GCE obtained in various pH aqueous buffer solutions
without the presence of vitamin B12 in the solutions. In these above
experiments the MWCNT–B12 composite film preparation was car-
ried out in PBS as mentioned in Materials and Methods and then
washed with deionized water before transferring it into various
pH solutions. The results show that the redox reaction of CoIII/II

and CoII/I present in vitamin B12 is stable in the pH range between
4.0 and 13.0, whereas in pH 1.0 only CoIII/II is active. Similarly, the
CoIII/II redox peak’s Epa and Epc depend on the pH value of buffer
solution, whereas the CoII/I redox peak’s potentials do not depend
on pH value. The response from the plot of CoIII/II formal potential
versus pH shows a slope of 37 mV pH�1, which is close to that gi-
ven by the Nernstian equation for nonequal number of electrons
and proton transfer.
 m
Electroanalytical response of hydrazine at MWCNT–B12 composite film

The MWCNT–B12 composite film was synthesized on GCE at
similar conditions as given in Materials and Methods. Then the
MWCNT–B12 composite film modified GCE was washed carefully
in deionized water and transferred to PBS for the electrocatalysis
of hydrazine. All of the cyclic voltammograms were recorded at a
constant time interval of 1 min with N2 purging before the start
of each experiment. Fig. 5 shows the electrocatalytic oxidation of
hydrazine (5.07 mM) at various film modified and unmodified
GCEs with a scan rate of 50 mV s�1. The various film modified GCEs
tested were MWCNT film and MWCNT–B12 composite film,
where the MWCNT–B12 composite film is shown with the highestww.sp
Table 2
Comparison of electroanalytical results of hydrazine at various modified electrodes in var

Electrode pH Epa (V) Linear ra

MWCNT–B12 7.0 0.2 2–1950
CoPc/carbon paste 6.5 0.5 20–200
ZnO nanonails 7.4 �0.5 to 0.4 0.1–1.2
ZnO nanowires 7.4 �0.5 to 0.4 0.5–1.2
Au/PPy 7.0 0.14 1–500 an
Nickel hexacyanoferrate 7.0 0.6 2–5000
Cobalt phthalocyanine 13.0 �0.2 125–980
ZnO/MWCNTs 7.4 0.4 0.6–250
MnII/MWCNTs 8.0 0.4 1–1050
Hematoxylin/MWCNTs 7.0 0.22 2.0–122.
BiHCF/CCEs 7.0 0.3 7.0–1010
Polymeric iron/tetraaminophthalocyanine 13.0 �0.2 1–100,00
Cobalt phthalocyanine/(PyC6BPC6Py) 13.0 �0.2 1–1000
Iron phthalocyanine/mercaptopyridine 7.0 0.35 13–92
CoTsPc multiplayer 13.0 0.2 2000–20

w

concentration (5.07 mM) and in the absence of hydrazine. The cyc-
lic voltammogram for MWCNT–B12 composite film exhibits revers-
ible redox couples in the absence of hydrazine, and on the addition
of hydrazine a new growth in the oxidation peak of hydrazine ap-
pears at Epa = 350 mV. In the above electrocatalysis experiment, an
increase in concentration (2.08 lM to 5.07 mM) of hydrazine
simultaneously produces a linear increase in oxidation peak
current of hydrazine at MWCNT–B12 film with good film stability.
However, there is no oxidation peak of hydrazine appearing at bare
GCE and MWCNT film modified GCE even at 5.07 mM of hydrazine.
It is obvious that only MWCNT–B12 composite film shows electro-
catalytic activity for hydrazine when compared with bare GCE or
MWCNT film modified GCE. This electrocatalytic activity in
MWCNT–B12 composite film is due to the presence of vitamin
B12. From the slopes of linear calibration curves (Fig. 5 inset), the
sensitivity of MWCNT–B12 composite film modified GCE toward
hydrazine and its correlation coefficient were calculated to be
3.01 mA mM�1 cm�2 and 0.992, respectively. From the same re-
sults, hydrazine’s limit of detection (LOD) at MWCNT–B12 compos-
ite film at a signal-to-noise ratio of 3 was calculated to be 0.7 lM.
Various studies have shown that the inference of cations such as
K+, Na+, Ca2+, Mg2+, Al3+, Pb2+, and Zn2+ does not affect hydrazine
determination in real samples while using cobalt-containing com-
plex modified electrodes [41]. Similarly, metal oxide modified elec-
trodes also show negligible inference of the above cations during
hydrazine determination [42]. The above reports reveal that the
inference of cations during hydrazine determination by MWCNT–
B12 composite film could be negligible.

.co
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ious conditions.

nge (lM) Sensitivity LOD (lM) Reference

1.32 mA mM�1 cm�2 0.70 This work
0.2 lA mM�1 0.50 [29]
– 0.20 [31]
– 0.08 [32]

d 500–7500 0.13 and 0.04 lA lM�1 0.20 [33]
0.26 lA lM�1 2.28 [34]
Iap = 1.47 + 4.90 � 105 (N2H4) 73.50 [41]
0.25 lA lM�1 0.18 [42]
0.04 lA lM�1 0.50 [43]

8 0.02 lA lM�1 0.68 [44]
4.2 lA lM�1 3.00 [45]

0 – – [46]
2.4 nA lM�1 0.60 [47]
9.40 � 10�3 lA lM�1 5.00 [48]

,000 – – [49]
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Fig. 6 is the amperometric response of MWCNT–B12 composite
film in the i–t curve experiment with successive addition of hydra-
zine in the concentration range from 2.0 lM to 3.7 mM at the po-
tential of 0.2 V and rotation rate of 1200 rpm. In these results, the
amperometric response reaches approximately 5 s on the addition
of hydrazine, and the response is proportional to its concentration.
In this above i–t curve experiment, an increase in concentration
(2.0 lM to 1.95 mM) of hydrazine simultaneously produces a lin-
ear increase in oxidation peak current of hydrazine at MWCNT–
B12 composite film. However, after 1.95 mM, the rate of current in-
crease started decreasing. From the slopes of linear calibration
curves (Fig. 6 inset), the sensitivity of MWCNT–B12 composite film
modified GCE toward hydrazine and its correlation coefficient were
calculated to be 1.32 mA mM�1 cm�2 and 0.996, respectively. From
the same results, hydrazine’s LOD at MWCNT–B12 at a signal-to-
noise ratio of 3 was calculated to be 0.7 lM. Comparison of the pre-
viously reported electroanalytical values (Table 2) with those of
MWCNT–B12 composite film shows that the oxidation of hydrazine
occurs at lower potential than in most electrodes. Furthermore, the
linear range, sensitivity, and LOD of hydrazine at MWCNT–B12

composite film are better than those in most of the electrodes in
Table 2. These results show that MWCNT–B12 composite film can
be efficiently used for hydrazine determination.
Conclusions

Composite material containing MWCNTs and vitamin B12 at
glassy carbon, gold, and indium tin oxide electrodes has been re-
ported. The developed MWCNT–B12 composite film for electroca-
talysis combines the advantages of ease of fabrication, high
reproducibility, and sufficient stability. The AFM results showed
the differences among bare electrode, MWCNT film, and
MWCNT–B12 composite film morphology. Furthermore, it was
found that MWCNT–B12 composite film has excellent functional
property along with good electrocatalysis activity on hydrazine.
The experimental methods of CV and the i–t curve with
MWCNT–B12 composite film presented in this article provide an
opportunity for qualitative and quantitative characterization of a
hydrazine sensor. Therefore, this work establishes and illustrates
in principle and potential a simple and novel approach for the
development of a voltammetric and amperometric sensor based
on modified GCE.
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