
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/7
/2

02
5 

1:
17

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Co3O4 nanoparti
aCollege of Environmental Science and Eng

Qinghua East Road, Haidian District, Beij

wang.ox@gmail.com; qiangwang@bjfu.edu.
bDepartment of Chemistry, College of Scien

11001, Kingdom of Saudi Arabia. E-mail: ah
cPromising Centre for Sensors and Electro

Najran-11001, Kingdom of Saudi Arabia

† Electronic supplementary informa
10.1039/c7ra10892c

Cite this: RSC Adv., 2017, 7, 50087

Received 2nd October 2017
Accepted 23rd October 2017

DOI: 10.1039/c7ra10892c

rsc.li/rsc-advances

This journal is © The Royal Society of C
cles/MWCNTs composites:
a potential scaffold for hydrazine and glucose
electrochemical detection†

Tuantuan Zhou,a Wanlin Gao,a Yanshan Gao,a Qiang Wang *a and Ahmad Umar*bc

We report the successful formation of cobalt oxide (Co3O4) nanoparticles/multi-walled carbon nanotubes

(Co3O4/MWCNTs) composites as efficient electrocatalytic materials for chemical sensing. Co3O4/MWCNTs

composites were synthesized via a straightforward hydrothermal treatment and comprehensively

characterized. Working as effective electron mediators, the prepared Co3O4/MWCNTs composites were

used for the fabrication of hydrazine (N2H4) and glucose sensors. The electrochemical impedance

spectroscopy (EIS) studies confirmed Co3O4/MWCNTs/glassy carbon electrode (GCE) exhibited higher

conductivity than bare GCE and Co3O4/GCE, endorsing a faster electron transfer rate and a higher

electrocatalytic activity. The addition of MWCNTs can not only improve the dispersion of Co3O4

nanoparticles but also facilitate the electron transfer rate. The sensitivity, selectivity, repeatability,

reproducibility, linear range and detection limit of the fabricated sensors were systematically investigated.

The fabricated hydrazine sensor displayed a great sensitivity of 120.26 mA mM�1, a wide linear range of

1.0–187.4 mM, and a rather low detection limit of 0.449 mM, and the fabricated glucose sensor exhibited

a high sensitivity of 63.27 mA mM�1, a wide linear range of 1.70–554 mM, and a low detection limit of

0.95 mM. We demonstrated that such fabricated Co3O4/MWCNTs composites may have favorable

applications in the establishment of fast and effective determination of environmental pollutants.
1. Introduction

Transition metal oxides with specic structures have aroused
considerable interest for their typical physicochemical proper-
ties and compositions. Some transition metal oxides, for
instance, SnO2, MnO2, and ZnO have been widely used in
electrochemical elds.1,2 Lou et al.3 reported the coaxial SnO2

nanosphere for lithium storage. The prepared materials had
a high capacity of 500 mA h g�1 and stable cyclability. Gao et al.4

reported the MnO2 nanoplate for supercapacitor. The fabricated
supercapacitor could be reversibly cycled in a wide potential
window of 0–2.0 V and exhibited a power density of 1.0 kW kg�1

and an energy density of 23.2 W h kg�1. Freire et al.5 reported
the ZnO nanoparticles for electrocatalytic oxidation of phenolic
compounds. The synthesized catalytic material demonstrated
excellent electrochemical performances. Among various tran-
sition metal oxides, cobaltosic oxide (Co3O4), a type of
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signicant transition-metal oxide semiconductors with direct
optical band gaps at 2.19 eV,6 has received intensive concern in
electrochemical applications for its unique properties, such as
high efficiency, environmental benign nature, nontoxicity, easy
to synthesize, and so on. In recent years, Co3O4 based nano-
materials have been widely applied in catalysts, super-
capacitors, lithium batteries, and sensors.7–10 Xu et al.11 reported
Co3O4 nanorod in anion-exchange membrane fuel cells for
oxygen reduction process. Xia et al.12 and Wang et al.13 synthe-
sized Co3O4 nanowires arrays and coralloid Co3O4 for super-
capacitor, respectively. Eom et al.14 reported 2D porous Co3O4

nanofoils for lithium battery application. Li et al.15 constructed
peanut-like Co3O4 for ethanol and carbon monoxide sensing.
However, although there has been extensive research on Co3O4

materials, the practical application of Co3O4 nanostructures as
electrode materials remains less utilized for their low electronic
conductivities and easy aggregation.16 An effective method to
enhance the conductivity and simultaneously improve the dis-
persibility is to introduce carbon materials as support mate-
rials. MWCNTs, functioned as extremely favorable support
materials, make itself an outstanding support material for
electrocatalysts with enhanced specic surface area, awesome
electron conductivity, excellent chemical inertness and
comparatively superior oxidation stability.17 Multi-walled
carbon nanotubes have unique hollow, intertwined network
structure, which benets the migration of electrolyte ion and
RSC Adv., 2017, 7, 50087–50096 | 50087
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provides more binding sites, compared with other carbon-based
materials, such as graphene, activated carbon, and single-walled
carbon nanotube.18 Metal oxides entangled withMWCNTs hybrid
materials have been reported in electrochemical elds. Tang et al.
synthesized MnO2/MWCNTs and used them for super-
capacitors.19 Wang et al. utilized Co3O4@MWCNT nanocable and
Co3O4@MWCNT hybrid as electrode materials for super-
capacitors. The addition of MWCNTs indeed enhanced the
performances compared with the pristine metal oxides.20,21

In the monitoring of environmental pollutants, traditional
methods like colorimetry,22 spectrophotometry,23 ow injection
spectrophotometry,24 liquid and gas chromatography25 are
complicated, high cost, and narrow linear ranges. Therefore,
facile and effective analytical approaches capable of tracing the
concentration of chemicals are always required. Up to date, the
electrochemical method has been considered to be promising
because of their cost-effectiveness, increased efficiency, high
sensitivity, and ease of operation. The electrochemical behavior
of chemicals is susceptible to the electrode surface structure.
One problem for most electrodes is the large over-potentials
during the direct oxidation of chemicals.26 The electro-
oxidation of chemicals on glassy carbon electrodes shows slow
kinetics due to its high over-potentials.27 To overcome this
drawback and simultaneously accelerate the electron transfer
rate, some transition metal oxides like Co3O4 can be utilized for
the optimization of the electrode surface.

At present, the development of hydrazine and glucose
sensors is of great signicance in a wide range of applications,
particularly in environmental monitoring, energy conversion,
blood glucose testing, and pharmaceutical analysis.28–32 There-
fore, in this paper Co3O4 nanostructures and MWCNTs were
both use as the electrode materials for the formation of
hydrazine and glucose sensor. The results showed that the
fabricated hydrazine sensor achieved such a high sensitivity of
120.26 mA mM�1, which is higher than the reported Co3O4/
MWCNTs based sensor in hydrazine detection.

2. Experimental
2.1 Fabrication of Co3O4/MWCNTs composites

All commercial reagents were purchased of analytical grade and
utilized directly without further purication. Before the synthesis
of Co3O4/MWCNTs composites, the MWCNTs (HGCF-300, outer
diameter ca. 8–13 nm and average length ca. 8–13 mm) were
functionalized using concentrated HNO3 by heating at 80 �C for
4 h with continuous stirring and rinsed with DI water until pH
reached 7. The Co3O4/MWCNTs composites were fabricated
through the following procedures. Firstly, 48mg of the pretreated
MWCNTs were dispersed in 52.8 mL water–ethanol mixture (the
volume ratio of water to ethanol was 1 : 10) with ultrasonication
for 30 min. Then 0.145 g cobalt acetate tetrahydrate was added in
the above-mentioned solution. Aer another ultrasonic treat-
ment for 30 min, 1.4 mL ammonia aqueous solution (25 wt%)
was dropped into the solution with continuous stirring. Finally,
the well-dispersed solutionwas constantly stirred at 80 �C for 10 h
and further hydrothermally treated at 150 �C for 3 h. The ob-
tained sample was rinsed with ethanol and water successively,
50088 | RSC Adv., 2017, 7, 50087–50096
and subsequently dried in the oven at 80 �C for 5 h to attain the
nal product. For comparison, the pure Co3O4 nanoparticles
were also fabricated in the same way without MWCNTs.
2.2 Electrode preparation

Prior to test, the glassy carbon electrode (GCE) was polished
sequentially with 1.0, 0.3 and 0.05 mm alumina powder,
respectively, and carefully washed using deionized water and
ethanol thoroughly before use. The Co3O4/MWCNTs/GCE was
attained by dropping 5 mL of the Co3O4/MWCNTs composite
dispersion (5 mg mL�1) onto the pure GCE surface, and an
infrared lamp was used to evaporate the residual solvent.
2.3 Samples characterisation

X-ray diffraction (XRD) spectra were explored on a Shimadzu
XRD-7000 diffractometer in the 2q range of 10–70� using Cu Ka
radiation with a scanning rate of 2� min�1. Transmission elec-
tron microscopy (TEM) images were gained by JEOL JEM 2100.
Field-emission scanning electron microscopy (FESEM) images
of samples were acquired on JEOL JSM-6701F microscope. N2

adsorption–desorption isotherms were measured on a Bulider
SSA-7000 system, and the sample was degassed at 220 �C for 4 h
before the test. Raman spectrum was examined by Renishaw
inVia in the range of 200–2000 cm�1. Electrochemical experi-
ments were carried out on a CHI660e electrochemical work-
station (CH Instruments Company, Shanghai, China) using
a conventional three-electrode system. The modied glassy
carbon electrode (F ¼ 3 mm) served as the working electrode,
while the platinum wire and saturated calomel electrode were
adopted as the counter and reference electrodes, respectively.
3. Results and discussion
3.1 Characterisations of Co3O4/MWCNTs composites

Fig. 1(a) shows the wide-angle XRD patterns of MWCNTs, Co3O4

and Co3O4/MWCNTs composites. The oxidized MWCNTs with
a strong diffraction peak at 2q ¼ 26.58 is ascribed to the (002)
reection of graphitic carbon (JCPDS card: no. 41-1487). Addi-
tionally, other three weak peaks appeared at 2q ¼ 37.84, 43.98,
64.32, respectively, are corresponding to the peaks of the
aluminium sample holder (PDF standard card no. 04-0787). In
addition, all of these three peaks have a 0.8 degree le shi,
compared with the standard card, because of the concave
surface of sample holder. The signals appeared on theMWCNTs
pattern are resulted from the low density of MWCNTs, the X-ray
penetrates the MWCNTs powder. When mixed with Co3O4, the
high density of Co3O4 prevents the X-ray from being pene-
trating, so that the signals disappeared on the Co3O4/MWCNTs
composites. The Co3O4/MWCNTs composites exhibited eight
obvious diffraction peaks which are in coincidence with the
standard cubic Co3O4 (JCPDS card: no. 43-1003) as well as one
characteristic peak of MWCNTs. The average size can be
calculated from the (311) peak with Scherrer equation.

Dc ¼ Kl/b cos q (1)
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD spectra of MWCNTs, Co3O4 and Co3O4/MWCNTs composites, (b) room temperature Raman spectra of the MWCNTs and Co3O4/
MWCNTs composites, (c) room temperature Raman spectra of bare Co3O4 particles (d) FE-SEM image of Co3O4/MWCNTs composites, (e) FE-
SEM image of Co3O4 particles and (f) FE-SEM image of MWCNTs.
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where K refers to a constant (ca. 0.9), l represents the X-ray
wavelength (0.1542 nm), q is the Bragg angle, and b refers
to the full width at half maximum in radiations, i.e. the
This journal is © The Royal Society of Chemistry 2017
broadening caused by the crystallite dimensions. The diam-
eter of Co3O4 nanoparticle turns out to be 10.2 nm. These
results indicated that the Co3O4/MWCNTs composites
RSC Adv., 2017, 7, 50087–50096 | 50089
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Fig. 2 (a and b) TEM images of MWCNTs, (c and d) TEM images of Co3O4/MWCNTs composites at various magnifications.
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were successfully fabricate, without any other impurity
phases.

MWCNTs and Co3O4/MWCNTs composites were further
characterized using Raman spectroscopy in the range from 300
to 2000 cm�1. In Fig. 1(b), the characteristic sharp D and G
bands of carbon at around 1327 and 1590 cm�1 respectively
were observed.33–35 The ID/IG ratio was determined to be 1.25,
indicating that the MWCNTs became disordered aer being
treated by concentrated HNO3. Apart from the characteristic
peaks of carbon materials (D and G bands), other four distin-
guishable peaks at 469, 522, 608, and 674 cm�1 appeared, which
can be attributed to the Eg, F

1
2g, F

2
2g, and A1g modes of crystalline

Co3O4, respectively. Bare Co3O4 particles was also examined by
Raman spectroscopy in the range from 400 to 700 cm�1. As
shown in Fig. 1(c), the four characteristic peaks of Co3O4 could
be observed at 469, 522, 608, and 674 cm�1 as well. These
Raman analysis data matched well with the XRD results.36

The morphology of Co3O4/MWCNTs composites were then
investigated by FE-SEM analysis. Fig. 1(d) exhibits the SEM
image of Co3O4/MWCNTs composites. It can be observed that
the Co3O4 nanoparticles and MWCNTs mixed well with each
other. The MWCNTs can work as a support, which increases the
disperse of Co3O4 nanoparticles and prevent the agglomeration
during usage. The MWCNTs could provide a conductive frame
network for Co3O4 and consequently enhance its electro-
chemical properties. To show it more clearly, the morphologies
of bare Co3O4 nanoparticles and pure MWCNTs were also
explored and displayed in Fig. 1(e) and (f), respectively. The
Co3O4 nanoparticles were in small size and the prepared
MWCNTs were long in length and thin in diameter, and formed
strong intertwined entanglements with a three-dimensional
network structure.
50090 | RSC Adv., 2017, 7, 50087–50096
The morphologies of MWCNTs and Co3O4/MWCNTs
composites were also characterized using TEM analysis. The
TEM images of MWCNTs with various magnications indicate
that MWCNTs were long and thin, with the diameter of nano-
tubes ranging from 8.0 to 11.3 nm, as shown in Fig. 2(a and b).
Fig. 2(c) reveals that the Co3O4 nanoparticles were attached to
the surface of MWCNTs. Fig. 2(d) shows the HR-TEM image of
Co3O4 nanoparticles, in which the crystal lattice can be
evidently observed. The lattice distance around 0.2858 and
0.2437 nm are corresponding to (220) and (311) planes of Co3O4,
while the lattice distance around 0.3376 nm is concordant with
(002) plane of MWCNTs. These results indicated the successful
synthesis of Co3O4/MWCNTs composites.

To explore the porosity and the specic surface area of
Co3O4/MWCNTs composites, the N2 adsorption–desorption
measurement was conducted. Fig. 3(a) exhibits an adsorption–
desorption isotherm of typical V with an obvious H3 type
hysteresis loop. Fig. 3(b) displays the pore size distribution
curve, with one intense peak at 2.2 nm and another broad peak
at around 15.1 nm. The former peak is attributed to Co3O4,
while the latter is assigned to the multi-walled carbon nano-
tubes. The specic surface area of Co3O4/MWCNTs composite
calculated by the Brunauer–Emmett–Teller (BET) method turns
out to be197.8 m2 g�1. The porous structure of Co3O4/MWCNTs
facilitates the contact between active materials and electrolyte,
inducing a faster transportation of the chemicals to be detected.

3.2 EIS study of Co3O4/MWCNTs GCE

The EIS technique was also employed to study the interfacial
property of the prepared electrodes. The measurement was
performed at the open circuit potential in 5mM [Fe(CN)6]

4�/3� +
0.1 M KCl solution and the frequency was ranged from 1 to
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) N2 adsorption–desorption isotherm of Co3O4/MWCNTs composites, (b) the pore size distribution of Co3O4/MWCNTs composites, (c)
electrochemical impedance spectroscopy of bare GCE, Co3O4/GCE, MWCNTs/GCE and Co3O4/MWCNTs/GCE in 5 mM of [Fe(CN)6]

3�/4�

solution containing 0.1 M KCl, frequency: 1–100 KHz, (d) CV responses of bare GCE, MWCNTs/GCE, and Co3O4/MWCNTs/GCE in 0.1 M KCl
electrolyte comprising 5 mM of [Fe(CN)6]

3�/4� at a scan rate of 0.05 V s�1.
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100 kHz with the potential amplitude of 5 mV. Fig. 3(c)
demonstrates the Nyquist plot of the prepared electrodes. The
bare GCE showed a high Rct value of 200.6 U. The MWCNTs/
GCE showed a rather low Rct value of 56.9 U, suggesting the
excellent conductivity of MWCNTs. When the GCE was modi-
ed with Co3O4, Rct was increased to the value of 428.7 U,
indicating the poor electrical conductivity of Co3O4. Modied
with Co3O4/MWCNTs composites, the Rct was signicantly
decreased to the value of 87.8 U, indicating the satisfactory
electrical conductivity with the introduction of MWCNTs (Table
1). Compared with the large semicircles for bare GCE and
Co3O4/GCE, the depressed semicircle of Co3O4/MWCNTs/GCE
also validates high conductivity and fast electron conducting
ability of the MWCNTs.37 The [Fe(CN)6]

3�/4� was also requisite
as the electrochemical probe to further explore the electroactive
surface area of the prepared electrode. The study was conducted
in 0.1 M KCl solution containing 5 mM [Fe(CN)6]

3�/4� at a scan
rate of 0.05 V s�1. Fig. 3(d) illustrates the CV responses of bare
GCE, MWCNTs/GCE, and Co3O4/MWCNTs/GCE, all of them
exhibited a pair of well-dened redox peaks which correspond
to the [Fe(CN)6]

3�/4� redox couple. However, notably, the Co3O4/
MWCNTs/GCE exhibited higher current response than
This journal is © The Royal Society of Chemistry 2017
MWCNTs/GCE or bare GCE, whichmay be due to the synergistic
effect between MWCNTs and Co3O4. The high current response
of Co3O4/MWCNTs/GCE also reveals that the electroactive
surface area of the modied electrode has initiated an acceler-
ating increase aer the modication procedure. The large
electroactive surface area of Co3O4/MWCNTs can provide more
active sites and improve the probability for the contact with
hydrazine.
3.3 Electrochemical determination of hydrazine

The as-fabricated Co3O4/MWCNTs composites were then
applied in the electrochemical hydrazine detection, and the
electrochemical performance towards the hydrazine detection
was essentially implemented by the cyclic voltammetry (CV).
Fig. 4(a) shows the CV curves of bare GCE, MWCNTs/GCE,
Co3O4/GCE, and Co3O4/MWCNTs/GCE in the presence of
1 mMN2H4 in 0.1 M NaOH solution with a scan rate of 0.02 V s�1.
The electrocatalytic ability of MWCNTs/Co3O4/GCE is better
than MWCNTs/GCE or Co3O4/GCE, manifesting the great
synergistic effect which based on the outstanding catalytic
activity of Co3O4 and high specic surface area of MWCNTs.38
RSC Adv., 2017, 7, 50087–50096 | 50091
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Table 1 The charge transfer resistance (Rct) values of different
electrodes

Electrodes Rct

Bare GCE 200.6 U

Co3O4/GCE 428.7 U

Co3O4/MWCNTs/GCE 87.8 U

MWCNTs/GCE 56.9 U
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For bare GCE, it is obvious that there was no redox peak in the
potential range of 0 to 0.6 V, suggesting the poor electro-
chemical activity of GCE. The observed redox peaks of Co3O4/
GCE and Co3O4/MWCNTs/GCE appeared at 0–0.6 V can be
assigned to the reversible electron transfer of CoOOH/CoO2.39

Notably, the peak current of Co3O4/MWCNTs/GCE is about
50.18 mA, which is larger than the value of Co3O4/GCE (6.63 mA).
The obtained results indicate that the prepared Co3O4/
MWCNTs composites can be utilized for effective detection of
hydrazine. The involved reaction can be illustrated as eqn (2)
and (3). The Co3O4 cannot steadily exist in alkaline solution due
Fig. 4 (a) Cyclic voltammograms of bare GCE, MWCNTs/GCE, Co3O4/G
NaOH solutionwith a scan rate of 0.02 V s�1, (b) cyclic voltammogramof t
and the inset shows the anodic peak current vs. square root of scan rate
step injection of hydrazine and the inset shows the response time after s
response current and the hydrazine concentration.

50092 | RSC Adv., 2017, 7, 50087–50096
to the interaction with OH�, with the generation of CoOOH or
even CoO2.

Co3O4 + OH� + H2O / 3CoOOH + e� (2)

CoOOH + OH� / CoO2 + H2O + e� (3)

With addition of hydrazine, the oxidation of hydrazine and
the reduction of CoO2 occurs simultaneously. CoO2 as an
intermediate can produce CoOOH, which increases the quantity
of CoOOH for further oxidation, leading to an increased anodic
current (eqn (4)).

4CoO2 + N2H4 / 4CoOOH + N2 (4)

To evaluate the electrochemical kinetics of the Co3O4/
MWCNTs modied electrode, the effect of scan rate on the
oxidation peak current along with the peak potential has also
been investigated, respectively. Fig. 4(b) presents the cyclic
voltammogram of the Co3O4/MWCNTs modied electrode at
scan rates ranging from 0.01 V s�1 to 0.1 V s�1 with the addition
CE, and Co3O4/MWCNTs/GCE in the presence of 1 mM N2H4 in 0.1 M
he Co3O4/MWCNTs/GCE at different scan rates (from0.01 to 0.1 V s�1),
(n1/2), (c) amperometric response of Co3O4/MWCNTs/GCE towards the
uccessive addition of hydrazine, (d) the linear relationship between the

This journal is © The Royal Society of Chemistry 2017
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Table 2 Analytical parameters for hydrazine detection based on Co3O4 and Co3O4/MWCNTs composites modified electrodes

Electrode materials
Sensitivity
(mA mM�1)

Detection limit
(mM)

Linear range
(mM)

Response time
(s) Reference

Co3O4 nanoparticle 22.20 2.80 20–400 — 47
Co3O4 nanowire 28.60 0.50 20–700 <6 47
Chrysanthemum-like Co3O4 107.89 5.87 50–1088 <10 48
Urchin-shaped Co3O4 76.31 1.29 5–610 — 49
Co3O4 nanoneedle bundle 95.25 2.93 5–446 <8 49
Co3O4/MWCNTs composite 120.26 0.449 1–187.4 <5 This work

Fig. 5 The amperometric response to the introduction of hydrazine
with interfering species.
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of 1 mM N2H4 in 0.1 M NaOH solution. Interestingly, a pair of
redox peaks corresponding to the reversible transition between
CoOOH and CoO2 was distinctly observed. Moreover, the
oxidation peak presented a small and gradual shi, and the
peak current intensity elevated gradually with increasing scan
rates. The oxidation peak currents are directly proportional to
the square root of the scan rate up to 0.1 V s�1, as shown in the
inset of Fig. 4(b). The linear equations can be dened as Ip ¼
688.33n1/2 (V s�1) � 43.52 (R2 ¼ 0.996). The negative intercept
reveals that the electrode reaction is not a single diffusion-
controlled process. The negative intercept from the plot of the
peak current versus the square root of the scan rate can be
explicated as the adsorption of the N2H4 molecule aer diffu-
sion to the electrode surface.40 The total number of electrons
involved in the reaction process can be calculated by the Ran-
dles–Sevick equation, as shown in eqn (5),41,42 where Ip repre-
sents the oxidation peak current, n represents the number of
electrons participating in the redox reaction, A refers to the
electroactive surface area of the electrode (cm2), D refers to the
diffusion coefficient of hydrazine in the solution (cm2 s�1), C is
the concentration of hydrazine in the bulk solution (mol cm�3),
and n represents the scan rate (V s�1). The number of electron
transfer was found out to be 4 corresponding to the reaction
eqn (6).

Ip ¼ (2.69 � 105)n3/2AD1/2Cn1/2 (5)

N2H4 + 4OH� / N2 + 4H2O + 4e� (6)

To further investigate the sensing performance, ampero-
metric response of the fabricated hydrazine sensor is conducted
at 0.502 V. Fig. 4(c) shows that the current curve displays
a constructive promotion and reaches 95% of the steady-state
current in less than 5 s upon the addition of hydrazine step
by step. The response is much faster than the reported Co3O4/
GCE (Table 2). The fast current response may be attributed to
the conductive frame network provided by MWCNTs. The
produced electron can transfer more easily and the diffusion of
reactants can be enhanced as well in the presence of MWCNTs.
Fig. 4(d) shows the typical corresponding calibration of the
hydrazine concentrations versus current in a wide liner range
from 1.0 mM to 187.4 mM. Notably, the low concentration points
can be well tted with the high concentration points. The linear
regression equation can be described as Ip (mA)¼ 120.26C (mM)
+ 4.313 (R2 ¼ 0.999). The sensitivity attained from the slope is
found to be 120.26 mAmM�1. The high electrocatalytic response
This journal is © The Royal Society of Chemistry 2017
observed from Co3O4/MWCNTs correlates well with the large
specic surface area, tremendous site accessibility and low
mass-transfer resistance for hydrazine.

To calculate the limit of detection (LOD), the standard
approach recommended by International Union of Pure and
Applied Chemistry (IUPAC) is utilized, as shown in eqn (7),
where N is the noise of the blank solution and S represents the
slope of the calibration curve. The detection limit is calculated
to be 0.449 mM. A summary of the Co3O4 modied electrodes
towards the electrocatalytic oxidation of hydrazine is listed in
Table 2. It is noteworthy that the introduction of MWCNTs
greatly enhanced the sensitivity and relatively lowered the
detection limit which may be abscribed to the synergic effect
between Co3O4 and MWCNTs towards the electrooxidation of
hydrazine.

LOD ¼ 3N/S (7)

Selectivity is another key factor to measure the sensor
performance. Hydrazine, as one of strong reducing agents, is
widely used as an oxygen scavenger for corrosion control in
boilers and hot-water heating systems.43 In the wastewater of
boilers and hot-water heating systems, Na+, SO4

2�, K+, NO3
�,

NH4
+, Cl�, and tap water are parts of the most common

compositions.44 These compositions are considered as the
RSC Adv., 2017, 7, 50087–50096 | 50093
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interferents that may affect the detection of hydrazine.45 In
this work, besides these inorganic interferents, other active
chemicals such as NO2

�, fulvic acid and humic acid were also
used to test the selectivity of the fabricated Co3O4/MWCNTs/
GCE towards hydrazine. Fig. 5 illustrates the amperometric
responses of Co3O4/MWCNTs modied electrode to hydra-
zine with interferents, including K+, Cl�, Na+, SO4

2�, CO3
2�,

Ac�, NO3
�, tap water, NO2

�, fulvic acid, and humic acid. The
responses to inorganic interfering species were investigated
by continuously adding 10 mL (0.1 M) of each interferent into
the testing solution. It's obvious that the introduction of
these interferents in the measuring solution did not bring
any signicant variation compared with the quick
current response of hydrazine. On the other hand, the addi-
tion of 10 mL (0.1 M) reactive chemicals, such as NO2

�, fulvic
acid and humic acid, also shows negligible variation.
These results suggest that the Co3O4/MWCNTs composites
based sensor possesses good selectivity for hydrazine
detection.
Fig. 6 (a) Cyclic voltammograms of Co3O4/MWCNTs/GCE in the presenc
of 0.02 V s�1, (b) cyclic voltammogram of the Co3O4/MWCNTs mod
amperometric response of Co3O4/MWCNTs/GCE towards the step inject
and the glucose concentration.

50094 | RSC Adv., 2017, 7, 50087–50096
3.4 Electrochemical determination of glucose

The prepared Co3O4/MWCNTs hybrid materials were also
applied for the electrocatalytic glucose determination. Fig. 6(a)
illustrates the cyclic voltammogram of the bare GCE, Co3O4/
GCE, and Co3O4/MWCNTs/GCE in the presence of 1 mM
glucose in 0.1 M NaOH solution with a scan rate of 0.02 V s�1. In
the potential range from 0 to 0.6 V, just Co3O4/GCE and Co3O4/
MWCNTs/GCE show a distinct oxidation peak at 0.518 V. It's
also obvious that Co3O4/MWCNTs/GCE exhibits larger current
response than Co3O4/GCE. The value of the oxidation peak
current is up to 92.38 mA, which is 10 times larger than the
current response of Co3O4/GCE. This result demonstrates that
the hybrid material might provide potential applications for the
electroactive oxidation of glucose. The corresponding chemical
reaction can be well explained by eqn (2), (3), and (8).

2CoO2 + C6H12O6 (glucose) /

2CoOOH + C6H10O6 (gluconolactone) (8)
e and absence of 1mM glucose in 0.1 MNaOH solutionwith a scan rate
ified electrode at different scan rates (from 0.01 to 0.09 V s�1), (c)
ion of glucose, and (d) linear relationship between the response current

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) The peak currents of different modified electrodes, (b) CVs
of the fresh modified electrode and Co3O4/MWCNTs/GCE after being
stored in ambient air conditions for 36 h.
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The investigation of the catalytic kinetic of glucose oxidation
was then conducted by examining the impact of scan rate on the
current response in the presence of 1mMglucose. Fig. 6(b) shows
that the oxidation peak currents were signicantly elevated with
increasing scan rates (from 0.01 to 0.09 V s�1), implying that the
oxidation of glucose is a surface-controlled electrochemical
process.46 The amperometric response of the Co3O4/MWCNTs/
GCE for the successive addition of glucose at applied potential
of 0.518 V was also recorded in detail. Fig. 6(c) exhibits the
amperometric response of Co3O4/MWCNTs towards the step
injection of glucose. The oxidation peak current was increased
linearly with elevating glucose concentration in the range of 1.70–
554 mM (Fig. 6(d)) with a correlation coefficient of 0.998. The
detection limit calculated by the abovementioned method turns
out to be 0.95 mM and the sensitivity obtained from the slope is
found to be 63.27 mA mM�1.

To estimate the reproducibility of the modied electrodes,
seven electrodes (denoted as ME1 to ME7) were prepared in
parallel. Fig. 7(a) demonstrates the peak currents of these seven
This journal is © The Royal Society of Chemistry 2017
modied electrodes measured at 0.518 V. The relative standard
deviation value is 7.73%. Meanwhile, the stability was studied
subsequently by evaluating the peak current response of Co3O4/
MWCNTs/GCE in 1 mM glucose solution aer being stored in
ambient air conditions for 36 hours. Fig. 7(b) shows that
negligible difference can be observed even aer 50 cycles.
Moreover, aer being stored for 36 hours, the peak current can
still maintain 93.4% of its initial response. These results indi-
cate that the fabricated glucose sensor is reproducible and quite
stable.
4. Conclusion

Co3O4/MWCNTs composites have been successfully fabricated
using a facile hydrothermal method and then applied as elec-
tron transfer mediator for hydrazine and glucose sensing. The
structure and morphology of Co3O4/MWCNTs composites were
carefully characterised, which indicated that the Co3O4 nano-
particles were homogeneously attached on the surface of
MWCNTs. The EIS study demonstrated that Co3O4/MWCNTs/
GCE exhibited higher conductivity than bare GCE and Co3O4/
GCE, endorsing a faster electron transfer rate and a higher
electrocatalytic activity. The comprehensive sensing results
indicated that the fabricated Co3O4/MWCNTs composites
possessed high electrocatalytic activity for the detection of
hydrazine and glucose. Aer doping on GCE, the fabricated
Co3O4/MWCNTs/GCE sensor displayed an ultra-high sensitivity
of 120.26 mA mM�1, a rather low detection limit of 0.449 mM,
and a wide linear range of 1–187.4 mM for the detection of
hydrazine. This Co3O4/MWCNTs/GCE sensor also showed
a high sensitivity of 63.27 mA mM�1, a low detection limit of
0.95 mM, and a wide linear range of 1.70–554 mM for glucose
detection. In all, we demonstrated that the fabricated Co3O4/
MWCNTs composites have promising application prospects in
the construction of effective detection of hydrazine and glucose.
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