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Hydrazine Sensor Based on Co;0,/rGO/Carbon Cloth

Electrochemical Electrode

Qian Wang, Meiyan Wu, Shangjun Meng, Xiaoxian Zang, Ziyang Dai, Weili Si,

Wei Huang,* and Xiaochen Dong*

Porous cobalt oxide (Co;0,4) nanosheets, vertically aligned on reduced gra-
phene oxide (rGO) modified 3D carbon cloth (CC), are synthesized by using
a facile diffusion method at room temperature following a thermal annealing
process (named as Co;0,/rGO/CC). Employed as freestanding electro-
chemical electrode, the detection behaviors of the Co;0,/rGO/CC toward
hydrazine have been systematically investigated. It exhibits a high sensitivity
(1306.7 yA mM~' cm2), good stability, and excellent selectivity. The detection
limit for hydrazine can reach to 0.141 x 10 M with a linear response range
of 5-470 x 10° M. The outstanding sensing properties of the Co;0,/rGO/
CC electrode can be attributed to the electrocatalytic activity of porous Co;O,
nanosheets, the good conductivity of carbon cloth, and the large surface area
of the 3D structure. It presents potential applications in the field of environ-

However, the electrochemical oxidation
of hydrazine at glassy carbon electrode or
bare metal is restricted by the high over-
potential and sluggish kinetics, which
generates a poor detection performance.['!
Although, lots of materials (such as zinc
oxide nanonails,'2l ZnO nanorods,!3!
polypyrrole nanoplates,' etc.) have been
used in electrochemical sensors, exploring
an efficient and sensitive electrode mate-
rial is of vital importance.

In the past few decades, carbon-based
composites, such as epoxy/carbon fiber,!
MnO,/graphene,l'®! graphene oxide (GO)/
Fe,'7l MHTIO,@C-Au,'8 and Ni(OH),/3D

ment protection, food analysis, medicine, and so on.

1. Introduction

Hydrazine (N,H,), a difunctional and reactive molecule with
powerful reducing capabilities, has received increased atten-
tion due to its various applications and concerned carcinogenic
effect.?! It has been widely applied in many fields including fuel
cells, agricultural, industrial, corrosive inhibitors, pharmacology,
military, and aerospace applications.>*) However, hydrazine and
its derivatives have also been recognized as carcinogenic and
hepatotoxic substances, which could cause kidney and liver
diseases, even genetic damages or cancer through respiratory
system, digestive system, and skin permeation to our body.*>0l
Therefore, effective and sensitive detection of hydrazine is prac-
tically crucial to environmental and biological analysis. Until
now, a lot of methods have been explored for the detection of
hydrazine, including chemiluminescence,”) coulometric,®! spec-
trophotometric methods,”) and electrochemical technique.l!”
Because of the straightforward preparation process, sensitivity
analysis, and cost-effective operation, electrochemical technique
is deemed to the outstanding method for hydrazine detection.
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graphene,[”! have attracted tremendous

interests owning to their unique physical

and chemical properties. Specially, carbon
cloth (CC) composites, consisting of reinforcing carbon fibers
and functional nanomaterials, are widely used in microwave
absorption,?% catalysis,??2l and supercapacitors,?>?* due to its
excellent mechanical strength, good corrosion resistance, high
electrical conductivity, excellent flexibility, and low-cost. However,
to our knowledge, the application of carbon cloth in preparing
freestanding electrode materials for electrochemical detection
devices for hydrazine detection has never been reported.

In this work, porous Co;0, nanosheets, vertically deposited
onto the surface of graphene oxide modified carbon cloth, were
synthesized through a facile diffusion method at room temper-
ature without the existence of any auxiliary reagents following a
thermal annealing process (See Figure 1). The GO nanosheets
on the surface of CC make the CC present hydrophilic and pro-
vide amounts of reactive oxygen functional groups.*! Further-
more, the GO reduced at high temperature can greatly enhance
the conductivity of CC. Compared with the previously reported
method of dealing with nitric acid,?*! modified CC with GO was
simple and environmental friendliness. More importantly, the
constructed Co;0,/reduced graphene oxide (rGO)/CC electrode
demonstrates high sensitivity, low limit of detection (LOD), and
excellent selectivity for hydrazine detection.

2. Results and Discussion
2.1. Structure and Morphology
Figure 2a shows the X-ray diffraction (XRD) patterns of

Co(OH),/GO/CC and Co30,/rGO/CC, respectively. Two
diffraction peaks of carbon cloth at 26 = 26.23° and 44.36°,
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Figure 1. Schematic illustration for the formation of Co;0,/rGO/CC.

corresponding to the (002) and (101) reflections of graphite 2H
(JCPDS Card no. 75-1621), respectively, can be observed clearly.
Meanwhile, at 26 = 9.502°, 19.162°, 38.033°, and 58.194°,
four characteristic diffraction peaks are well indexed to the
(001), (002), (102), and (110) phases of Co(OH),, respectively
(JCPDS Card no. 51-1731). In addition, the diffraction peaks at
26 = 19.000°, 31.271°, 36.845°, 38.546°, 44.808°, 59.353°, and
65.231° are well indexed to the (111), (220), (311), (222), (400),
(511), and (440) phases of Co;0,, respectively (JCPDS Card no.
43-1003). The XRD spectrum illustrates that the Co;0, grown
on the CC has high crystallinity. Figure 2b shows the Raman
spectra of CC and CC/rGO/Co3;0,. The three peaks at about
1360, 1600, and 2750 cm ™" correspond to the D, G, and 2D band
of CC, respectively. The smaller Ip/I ratio after the formation
of electrode indicates GO has been reduced to rGO. Especially,
the Raman spectrum of CC/rGO/Co3;0, presents three distinct
peaks at 464, 507, 606, and 675 cm™!, which can be attributed to
the vibration mode in cobaltosic oxides phase.['?/l The Raman
spectrum further confirms the formation of Co;0, on the sur-
face of carbon cloth.

Figure 3 shows the scanning electron microscope (SEM) and
transmission electron microscope (TEM) images of the carbon

cloth, GO/CC, and Co;0,/rGO/CC composites. Figure 3a indi-
cates that the carbon cloth is waved by rod-like carbon fibers. The
fiber has a smooth surface and the diameter is about 6-8 pm.
After modified by graphene oxide, the surface of carbon cloth is
relatively roughness and a few wrinkles on the surface of carbon
cloth can be observed (Figure 3b). It also confirms that gra-
phene oxide nanosheets have coated onto the surface of carbon
cloth uniformly. The SEM image of Co30,/rGO/CC shows that
the carbon fibers of carbon cloth are uniformly covered by ver-
tically aligned Co;04 nanosheets (Figure 3c,d). The diameter
of the fiber increases to around 10 pm. To further investigate
the microstructure of the Co;0,, the nanosheets of Co;0, were
characterized using TEM, as shown in Figure 3e. It can be
observed that the Co;0, nanosheets deposited on the surface of
carbon cloth present porous structure, which is useful for the
enhancement of surface area. From the N, adsorption—desorp-
tion isotherms of Co;0, nanosheets (Figure S1, Supporting
Information), it can be calculated that the specific surface area is
about 72.8 m? g~1. In Figure 3f, the high-resolution TEM image
exhibits that the Co;0, nanosheets have high crystallinity with
the lattice spacing of 0.46 and 0.24 nm, corresponding well to
the (111) and (311) plane of Co;0,, respectively.
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Figure 2. a) XRD patterns of Co(OH),/GO/CC and Co;0,/rGO/CC. b) Raman spectra of CC and Co30,4/rGO/CC.
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2.2. Electrochemical Behavior of the Co;0,/rGO/CC Electrode

The electrochemical performance of Co;0,/rGO/CC freestanding
electrode was systematically investigated by cyclic voltammogram
(CV) and chronoamperometry. Figure 4a shows the CV curves
of Co030,/rGO/CC and rGO/CC electrodes in 0.1 M sodium
hydroxide (NaOH) at a scan rate of 50 mV s™. No obvious redox
peaks were observed in tGO/CC electrode, indicating that the elec-
trochemical activity of the electrode is rather low. On the contrary,
a couple of redox peaks can be observed clearly at the potentials of
0.15 and 0.35 V for the Co30,/rGO/CC electrode. These two redox
peaks can be attributed well to the reversible electron transfer of
C030,4/CoO0H (I/I1) and CoOOH/Co0, (I11/IV),?8 respectively.
And these two reversible reactions can be expressed as follows

Co;0, +OH™ +H,0 <> 3CoOOH +e~ (1)
CoOOH+OH™ <> Co0O,+H,0+e" (2)

Figure 4b displays the CV curves of Co;0,/rGO/CC elec-
trode in 0.1 M NaOH adding different concentrations of hydra-
zine from 0 to 5 x 107 M at a scan rate of 50 mV s™'. With the
increasing of hydrazine concentration, the current and potential
of anodic peak increase and the cathodic decrease step by step.
The oxidation of hydrazine comes from the Co;0, redox inter-
mediates CoO,. In the anodic sweep, the reduction of CoO, and
oxidation of hydrazine occurred simultaneously.''! The reaction
of hydrazine and CoO, produces CoOOH at =0.35 V, which pro-
vides amount of CoOOH for further oxidation and makes the
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anodic current increase. And, the detection mechanism of hydra-
zine by Co30,/rGO/CC electrode can be illustrated as follows

CoOOH+OH™ — Co0O,+H,0+e" (3)
4Co00,+N,H, - 4CoOOH + N, 4)

It can be concluded that the determination of hydrazine
by Co30, nanosheets is an indirect process, which is similar
with the detection of glucose by Co;0, or other metals in the
literature.[11:29:30]

Figure 4c shows the effect of scan rate on hydrazine oxida-
tion at the Co304/rGO/CC electrode. It can be observed that all
the CV curves exhibit two pairs of redox peaks at round 0.15
and 0.35 V, suggesting the redox reaction of Co;0, nanosheets
is reversible. With the increasing of scan rate, the anodic peak
shows a significantly positive shift, and the cathodic peak shifts
negatively simultaneously. Figure 4d demonstrates that anodic
and cathodic peak currents of Co;0,/rGO/CC electrode scale
linearly with the square root of the scan rates, which reveals
that Co;04 nanosheets catalytic oxidation of hydrazine is diffu-
sion controlled and the reaction of surface is highly sensitive.!!

2.3. Amperometric Response of Co;0,/rGO/CC to Hydrazine
Employed as freestanding electrochemical electrode for hydra-

zine detection, the optimal work potential of Co;0,/rGO/CC
electrode was determined by amperometric response at four

46 nm ||
(i

Figure 3. a) SEM image of CC. b) SEM image of CC/GO. Inset shows a magnified image. c,d) Low- and high-magnification SEM images of Co30,/

rGO/CC. e,f) Low- and high-resolution TEM images of Co3O4 nanosheet.
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Figure 4. a) CV curves of rGO/CC and Co30,/rGO/CC electrode. b) CV curves of Co30,/rGO/CC electrode containing different concentrations of hydra-

zine. ¢) CV curves of Co304/rGO/CC electrode in 0.5 x 1073 M hydrazine at diversified scan rates. d) Plots of peak currents at different square root of the
scan rate.
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Figure 5. a) Current response of Co;0,/rGO/CC electrode to the addition of hydrazine at different potentials. b) Effects of hydrazine concentration
on current response at different potentials. c) Typical current response of Co;0,/rGO/CC electrode to the consecutive addition of hydrazine in 0.1 M
NaOH. Bottom inset is the current response to the addition of 5 and 10 x 10° M hydrazine. Top inset is the relationship between response current
and hydrazine concentration. d) Amperometric response of Co30,/rGO/CC electrode toward adding hydrazine and various interfering compounds.
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Table 1. Hydrazine detection properties of the Co;0,/rGO/CC electrode compared with

literatures reported previously.
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hydrazine to Cos;04, which enhances the
electrochemical response toward hydrazine
oxidation.

Electrode Sensitivity Detection limit Linear range ref. . ..
WA M- cm? (106 M] (106 M] Figure 5d presents the selec't1v1ty of Co30,4/
rGO/CC electrode to hydration and other
MnO,/GO 1007 0.16 3.0-1120 Nl . . .
interfering compounds, such as ammonium
Co304 NPs 312.7 28 20-400 1 chloride (NH4CI), sodium nitrate (NaNO;),
Hexacyanoferrate/graphite 40 - 100-6000 [33] ammonium sulfate ((NH4),SO,4), sodium
Ferrocene/carbon nanotube 358.3 0.6 0.85-700 [34] sulfate CrYStal (Na,;SO4#10H,0), potassium
CuO hollow spheres 578 19 5.0-10 000 35] chloride (KCl), and so on. Compared with
hydration, there is almost no evident current
Mn7013-5H,0/0-MnO, 1096 206 30-2830 3¢} response when the interfering species are
Co30, NWs 402.8 0.5 20-700 [ added. Even the concentration of the inter-
C030,/rGO/CC 1306.7 0.141 5.0-470 Thiswork  fering species is expanded 100-fold than that

different potentials with the consecutive addition of 0.2 x 107> M
hydrazine. In Figure 5a, at four different detection potential
(0.20, 0.30, 0.35, and 0.4 V), obvious current response can be
seen on each addition of hydrazine. While the linear relation-
ship between the hydrazine concentration and response current
(Figure 5b) indicates that the sensitivity (calculated from the
slope of the calibration curve) of potential at 0.35 V is higher
than that of others. So, the detection potential in this experi-
ment is selected at 0.35 V. Figure 5c¢ shows the amperometric
response of Co30,/rGO/CC electrode to the successive addition
of hydrazine into 0.1 M NaOH solution at a working potential
of 0.35 V. Upon adding hydrazine, the steady-state current was
obtained in less than 6 s, which indicates that Co;0,/rGO/CC
electrode possesses rapid and sensitive response characteristics
to hydrazine. This phenomenon maybe comes from the fact
that rGO/CC has low resistance and large electron transfer
rate, which greatly reduces the current response time.?? The
corresponding calibration curve (the top inset in Figure 5c¢)
demonstrates that the Co30,/rGO/CC electrode has a high
sensitivity (1306.7 pA mM~! cm™2) for hydrazine detection in
the linear concentration range of 5-470 x 10° M with a slope
of 156.8 pA mM™! and a correlation coefficient of 0.999. The
calculated low LOD is 0.141 x 10°® M (signal/noise = 3). For
the comparison, the hydrazine sensing performance of pristine
Co30, coated on glass carbon electrode was also measured. As
shown in Figure S3 (Supporting Information), both the sensing
sensitivity and stability of pristine Co;0,4 are not better than
that of Co30,/rGO/CC electrode. These results further indicate
that Co304/rGO/CC electrode presents an excellent hydrazine
detection performance.

To have a deep understanding of the Co30,/rGO/CC elec-
trode to the hydrazine detection, the comparison with the
literature reported typical electrochemical materials is listed
in Table 1. It can be concluded that the carbon cloth based
freestanding Co30,/rGO/CC electrode possesses a higher sensi-
tivity and lower LOD toward hydrazine detection. The superior
hydrazine detection performance of the Co;0,/rGO/CC elec-
trode can be attributed to the synergistic effects of the porous
Co304 nanosheets and rGO modified carbon cloth. Here, the
Co30, nanosheets provide high catalytic activity and the carbon
based 3D network affords high conductivity and large electron
transfer rate. Moreover, the vertically grown Co;0, nanosheets
on the surface of carbon cloth are in favor of the access of
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of hydrazine. These results further indicated
that Co30,/rGO/CC electrode exhibits good
sensitivity and excellent selectivity for hydrazine detection.

3. Conclusion

In summary, a Co30,/rGO/CC electrode was fabricated using
rGO modified carbon cloth as freestanding skeleton. Measure-
ments indicated that the porous Co3;04 nanosheets vertically
and uniformly aligned onto the surface of the modified carbon
cloth. Employed as a freestanding electrochemical electrode,
Co030,/rGO/CC electrode presents excellent hydrazine detec-
tion performance in terms of response time, sensitivity, selec-
tivity, and linear calibration. Therefore, it will be the more
promising materials for fabricating electrochemical electrode
for practical hydrazine sensors in the future.

4. Experimental Section

Materials and Reagents: Ethanol, methyl alcohol (MeOH), acetone,
and hydrazine hydrate (H,NNH,eH,0) were commercially available
analytical grade reagents and purchased from Shanghai Lingfeng
Chemical Reagent Co. Ltd. (Shanghai, China). Cobalt nitrate
hexahydrate (Co(NO;),#6H,0), 2-methylimidazole, sodium chloride
(NaCl), NaOH, NH,Cl, NaNO3, (NH,),#SO,, Na,SO,¢10H,0, and KCl
were obtained from Aladdin (USA). GO was synthesized by a modified
Hummers method from natural graphite. The CC (W0S1002) purchased
from Taiwan CeTech with the thickness of 360 pm and basis weight of
125 g m=2.

Synthesis of Co030,/rGO/CC: First, CC was cleaned with acetone,
deionized (DI) water, and ethanol, respectively, by sonification. To
enhance the hydrophilic property, the cleaned CC was soaked in GO
solution (0.7 mg mL™") for one week. Then, CC was taken out from GO
solution and dried at 60 °C overnight. The porous Co;O4 nanosheets,
vertically attached onto the GO modified carbon cloth, were synthesized
by a facile dispersion method following a thermal annealing process.
In a typical experiment, 0.29 g of Co(NOs),#6H,0 and 0.16 g of
2-methylimidazole were dissolved in 3 mL MeOH. Then, the modified
GO/CC was transferred to the mixed solution and reacted for 24 h at
room temperature. After that, the green CC/GO/Co(OH), was rinsed
with DI water and dried at 60 °C for 12 h. Finally, the dried sample was
annealed at 300 °C in air and obtained Co3;0,/rGO/CC, which could
be fabricated into the freestanding electrochemical electrode. Figure 1
shows the schematic illustration for the formation of Co;0,/rGO/CC.

Instruments and  Electrochemical Measurements: The morphology
of the sample was conducted on an SEM (Hitachi S-4800) and

wileyonlinelibrary.com

(5 of 6) 1500691

didvd T1ind



[
™
A
g
-l
wd
=
[

1500691 (6 of 6)

ADVANCED
MATERIALS

Mk

INTERFACES

www.advmatinterfaces.de

TEM (JEOL JEM-2010). The structure of Co30,/rGO/CC was
characterized using an XRD (Bruker D8 Advance) with Cu-Ka radiation
(A = 1.5418 A). Electrochemical measurements were carried out on a
CHI660C electrochemical station (Shanghai China) equipped with
a standard three-electrode cell with 0.1 M NaOH solution as the
electrolyte. The Co30,/rGO/CC was used as the working electrode
(electrochemical active surface area is 0.12 cm?, the weight percent of
Co30, in Co30,/rGO/CC is about 7.7%). At the same time, Ag/AgCl
and platinum wire were used as the reference electrode and counter
electrode, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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