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a  b  s  t  r  a  c  t

Herein,  we  successfully  fabricated  a novel  nanostructure  based  on  hierarchical  urchin-like  FeCo  oxide
supported  carbon  spheres  (FeCo  Oxide/CSs)  via  a two-step  hydrothermal  method  followed  by  a simple
annealing  step  at 300 ◦C under  air. It was  found  that  such  urchin-like  FeCo  Oxide/CSs  structure  exhibited
superior  catalytic  activity  towards  hydrazine  oxidation  to CSs,  Fe  Oxide/CSs,  Co  Oxide/CSs,  and  FeCo
Hydroxide/CSs  material.  In this  regard,  the  FeCo  Oxide/CSs  displayed  a  wide  linear  detection  range  of
0.1–516.6  �M, low  detection  limit  of 0.1  �M,  and  long-term  stability.  The  material  also  showed  good
selectivity  towards  hydrazine  detection  in the  presence  of various  interferences,  such  as uric acid,  ascorbic

+ 2− +

ron cobalt oxide
arbon spheres
lectrocatalyst
ydrazine detection
iosensor

acid, urea,  dopamine,  Na , SO4 , K , and  Cl-.  The  excellent  sensing  performance  of  the  FeCo  Oxide/CSs
was  assumed  to  the  unique  hierarchical  urchin  structure  with  the  high  density  and  uniformity  of  nano-
sized  FeCo  Oxide  nanoneedles,  which  produced  massive  electroactive  sites  and enhanced  charge  transfer
ability. The  achieved  results  implied  that  the  FeCo  Oxide/CSs  may  be a great  candidate  for  sensitive

hydrazine  detection.

. Introduction

Hydrazine and its derivatives have been considered as the
mportant substances for various applications, including pharmacy,
nergy conversion system, rocket, photo-printing, and agriculture
1]. Hydrazine appears under the form of colorless liquid, which is
xplosive, toxic, and combustible. This chemical is known to pro-
uce seriously negative influences for various human body’s parts,
uch as lung, spleen, thyroid gland, central nervous system, and
iver, thereby causing some risky diseases highly harmful towards
ur living quality [2,3]. Thus, preparation of efficient routes to
etermine hydrazine concentration at low concentration and wide
ange has been significantly required in industry and health care
urposes. So far, many analytical methods, such as chemilumines-
ence, electrochemistry, spectrophotometry, chromatography, and
otentiometry have been employed for sensing hydrazine [4–7]. As
ompared to these mentioned methods, electrochemical approach
as proven with more benefits, including facile fabrication, excel-
ent sensitivity, wide linear detection range, quick response time,
nd cost-effectiveness [8–11]. However, in order to achieve good
fficiency of an electrochemical sensor, fabrication of working elec-

∗ Corresponding author.
E-mail address: buiquocbao@tdtu.edu.vn (Q.B. Bui).

ttps://doi.org/10.1016/j.jpba.2019.04.008
731-7085/© 2019 Elsevier B.V. All rights reserved.
© 2019  Elsevier  B.V.  All  rights  reserved.

trode via modification with specific electrocatalyst is necessary
[12,13]. Recent researches have proposed various types of poten-
tial nanomaterials, including precious metals, non-precious metals,
and the meta-carbon based hybrids [14–16]. Although the use of
precious metals and their hybrids with carbon materials have pro-
vided good catalytic properties; however, the limited source and
high cost hinder their practicality [17,18]. Meanwhile, transition
metals have been recently emerging as the promising candi-
dates for electrochemical applications, due to their abundance,
low cost, high catalytic properties, and easy surface modification
by reacting with various heteroatoms, such as O,  N, C, P, and S
[19–23]. In addition, the combination of two  nonprecious met-
als to form a bimetallic alloy nanostructure has been reported as
a promising way to impressively enhance catalytic activity and
stability of the resulting material, as compared to mono-metal
counterparts [24–28]. Because the formation of alloyed nanostruc-
ture can significantly modulate the electronic configuration and
intrinsic properties of material, thereby resulting in the improved
mechanical/chemical stability, outstanding electrical conductivity,
poisoning/corrosion resistance, and excellent catalytic properties
[29,30]. In this context, diverse bimetallic metal oxides have been

employed and have proved better catalytic behavior or selectivity
than a pure mono-metal oxide [31]; however, there is considerable
gap to reach performance required for their real use in electrochem-
ical biosensors.

https://doi.org/10.1016/j.jpba.2019.04.008
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2019.04.008&domain=pdf
mailto:buiquocbao@tdtu.edu.vn
https://doi.org/10.1016/j.jpba.2019.04.008
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Fig. 1. The schematic illustration fo

Generally, the catalytic performance of the catalysts critically
epends on the applied transition-metal precursors and prepara-
ion conditions. In addition, the use of a unique morphological and
tructural carbon-based support has been discovered to impres-
ively enhance activity of active materials [32–35], due to the
ynergistic effects from components to improve electrical conduc-
ivity, surface chemistry, and active sites. Furthermore, a suitable
arbon support can effectively stabilize the active metal catalysts
nder harsh working conditions by avoiding from the decom-
osition, agglomeration, and dissolution. Recent time, bimetallic
atalysts of Co and Fe have been proposed to be very reactive for
arious electrochemical reactions due to their earth abundance,
ontoxicity, and favorable bandgap [36–38]. Some literatures have
eported transition metal oxides, including MnOx, NiOx, CoOx,
iFeOx, FeCoOx for diverse electrocatalytic oxidation reactions and

hey have demonstrated that the FeCoOx could yield earlier onset
otential, smallest overpotential, highest turnover frequency, and
he best current response [38–40]. These obtained results informed
romising activity of the FeCoOx towards catalytic oxidation
rocesses. However, its employment for catalyzing electrochem-

cal oxidation of hydrazine in sensor development has not been
eported to date. Therefore, the fabrication of a nanohybrid based
n FeCo oxide with unique morphology and physicochemical prop-
rties is a necessary and useful approach to develop a new type of
ow-cost catalyst with the enhanced electrochemical activity for
ydrazine detection. In this context, the hybridization of the FeCo
atalysts with a suitable carbon substrate is also further expected to
pgrade activity and stability of the material. The use of graphene
Gr) and carbon nanotubes (CNTs) has long been concerned as a
ighly efficient support, due to their excellent properties, such as
igh mechanical performance, superb conductivity, large surface
rea, and easy functionalization [41]. However, their complicated
ynthesis methods via wet chemical and chemical vapor deposi-
ion, substantially limit their applications. In addition to Gr and
NTs, carbon spheres (CSs) also has large surface area, high con-
uctivity, functionalizable surface, but very facile synthesis [42,43].
herefore, CSs has recently been emerging as a potential support for
fficiently anchoring and promoting the homogeneous dispersion
f active metals towards electrochemical reactions.

In this study, we successfully developed an urchin nano-
tructure of aligned FeCo nanoneedle arrays supported by CSs
FeCo Oxide/CSs) through a facile synthesis method. The hybrid
emonstrated the enhancement of active surface area and elec-
rical conductivity, thereby effectively serving as a biosensor for
ensitively detecting hydrazine at low concentration. The high per-
ormance of the FeCo Oxide/CSs-based sensor implies that it can be

 great potential for electrochemical sensing applications.

. Experimental section

.1. Chemicals
Cobalt nitrate hexahydrate (Co(NO3)2.6H2O, 99.9%), fer-
ic nitrate nonahydrate (Fe(NO3)3.9H2O, 99.9%), hydrazine
NH2NH2·H2O, 98%), uric acid (C5H4N4O3, 99%), ascorbic
ynthesis of FeCo Oxide/CSs hybrid.

acid (C6H8O6, 99%), ethanol (C2H5OH, 99.5%), dopamine
((HO)2C6H3CH2CH2NH2·HCl, 98%), urea (CH4N2O, 99%), sodium
sulfate (Na2SO4, 99%), potassium chloride (KCl, 99%), sodium phos-
phate dibasic (Na2HPO4, 99%), and sodium phosphate monobasic
(NaH2PO4, 99%) were provided by Sigma-Aldrich Co. (USA).

2.2. Synthesis of FeCo Oxide/CSs hybrid

Prior to the preparation of FeCo Oxide/CSs hybrid, CSs was syn-
thesized by a facile hydrothermal method. In this context, 4.0 g of
glucose was  dissolved in 30 ml  DI water under sonication to pro-
duce a homogeneous solution. The solution was  then put into a
Teflon-lined autoclave, which was  kept at 190 ◦C for 8 h. The result-
ing black-brown solid was washed with pure water and ethanol for
several times before it was  dried at 60 ◦C for 10 h under vacuum
condition.

To fabricate FeCo Oxide/CSs, 30 ml  of water containing 0.1 g
of CSs was sonicated for 30 min  followed by adding 0.9 mol of
Fe(NO3)3, 0.9 mol  of Co (NO3)2, and 0.75 g of urea under magnetic
stirring. During this step, the presence of oxygen functional groups
on CSs’ surface made it become negative charged state [42,43],
which easily adsorbed Fe3+ and Co2+ ions to form a layer of these
positive ions on CSs’ surface. After 30 min, the resulting solution
was put into a Teflon-lined autoclave for a reaction at 120 ◦C for
6 h. Regarding this step, urea was  degraded into NH4+ ions, which
immediately reacted with Fe3+ and Co2+ on CSs’ surface to pro-
duce an initial layer of FeCo hydroxide nanocrystals [44]. These
nanocrystals displayed as nucleuses for the deposition of following
Fe3+ and Co2+ ions to generate uniform FeCo hydroxide nanonee-
dles on CSs. After the reaction was  completed, the precipitate was
collected and washed with water/ethanol for 3 times and then
dried for 24 h in vacuum. Finally, the achieved solid was kept in
a small boat, which was positioned in a quenching machine under
air atmosphere at 300 ◦C for 3 h. The purpose of this step was to
convert FeCo hydroxide to oxide through a thermal reduction with
the water removal. The system was  cooled down to room tem-
perature and the FeCo Oxide/CSs product was collected for next
experimentations. All steps for the synthesis of the FeCo Oxide/CSs
is schematically illustrated in Fig. 1. For a comparison, Co Oxide/CSs
and Fe Oxide/CSs were also prepared with the same synthesis con-
dition as mentioned above.

2.3. Material characterizations

The morphology of the as-synthesized materials was achieved
by field emission scanning electron microscope (SEM) on a JSM
6600 (JEOL Co., Japan). Transmission electron microscopy (TEM)
images achieved by a JEM-1400 Philips microscope (JEOL Co., Japan)
were used to observe detail microstructure of materials. The Raman
spectra of materials were obtained using a LabRAM HR Evolution

Raman microscope (HORIBA Co., Japan). Powder X-ray diffraction
(XRD) was measured on a D8 Advance diffractometer (Bruker Co.,
Germany) with the use of Cu-K� target (� = 0.154 nm) and the
scanned 2� range of 5–80◦ at a scan rate of 2 ◦C min−1. The sur-
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ace area of materials was evaluated on an SA-9600 Series (HORIBA
o., Japan).

.4. Electrochemical measurements

For detecting hydrazine substance, this study used a ZIVE SP2
Amp electrochemical workstation (WonATech Co., Ltd., Korea)

ntegrated with a three-electrode cell system. A 0.1 M phosphate
uffer solution (PBS) was prepared from NaH2PO4 and Na2HPO4
nd was used as electrolyte through all experiments. Ag/AgCl
nd Pt wire were applied as the reference and counter electrode,
espectively. For preparing working electrode, 3 mg  of catalyst
owder was dissolved into 1 ml  of ethanol under sonication for

 min. Then 10 �L of the resulting suspension was  dropped onto a
leaned surface of glassy carbon electrode (GCE, diameter of 3 mm).
fter that, the modified GCE was dried in air at room tempera-

ure for 5 h before it was  used for electrochemical measurements.
lectrochemical impedance spectroscopy (EIS) was employed to
valuate charge transfer resistance (Rct) of the working electrode
n nitrogen-saturated 0.1 M PBS solution. The hydrazine detection

as investigated by cyclic voltammetry (CV) and amperometry
i–t) in 0.1 M PBS solution. The amperometric tests were employed
y successive addition of different hydrazine concentrations into a
tirring 0.1 M PBS solution and the steady state of current density
t each addition time was noted.

For testing performance of the FeCo Oxide/CSs-based sensor
owards hydrazine determination in real samples, river water was
sed. In this context, 0.5 ml  of river water was  diluted in 25 ml
f 0.1 M PBS solution, which was then spiked with four different
ydrazine concentrations. The known hydrazine concentration in
hese solutions was then detected by the developed sensor; and
he relative standard deviation percentage (RSD%) and recovery (%)
ere recorded. All electrochemical measurements were performed

t temperature of 25 ± 1 ◦C.

. Results and discussion

.1. Morphological characterization

Figure S1 shows the morphology of CSs material, which has
pherical shape and relative uniformity, along with the diameter of
round 0.8–1 �m.  The morphological features of the as-prepared Co
xide/CSs, Fe Oxide/CSs, and FeCo Oxide/CSs were initially investi-
ated by FE-SEM. Fig. 2 shows these oxides exhibit urchin–shaped
anoarchitectures with diameter of 1.5–2.0 �m.  The structures of
o Oxide/CSs and FeCo Oxide/CSs are fully covered by abundantly
ertical and uniform nanoneedles with a diameter of around 50 nm
Fig. 2a, b, g, and h). Meanwhile, the Fe Oxide/CSs possess a little
ifference (Fig. 2d and e), in which the Fe Oxide structures appear
s aligned nanorods rather nanoneedles, along with their bigger
iameter than that of the Co Oxide and FeCo Oxide. The formation
f these oxide structures is further indicated by EDAX investigation
Fig. 2c, f and i). The presence of the specific peaks correlated to ele-

ents of each oxide structure implies the successful preparation of
o Oxide/CSs, Fe Oxide/CSs, and FeCo Oxide/CSs via a facile synthe-
is route. The formation of the urchin-like structure is expected to
roduce large surface area with an excellent capacity for abundant
ctive sites, thereby highly beneficial for catalytic reactions [45,46].

The morphology of the FeCo Oxide/CSs hybrid was  further
xamined by TEM technique. The TEM images in Fig. 3a–c clearly
how the creation of an urchin structure with the radially aligned

anoneedles. The detailed structural information was  provided
y higher magnification TEM image, which indicates the FeCo
xide nanoneedles have the length in the range of 4̃00−500 nm
nd diameter of around 40–50 nm.  These unique one-dimensional
d Biomedical Analysis 172 (2019) 243–252 245

nanoneedles is expected to offer the enhanced surface area along
with more active site number to improve the catalytic activity. The
HR-TEM image apparently shows the lattice fringes of a crystalline
mixture belonging to d(110) planes of Fe oxide [47] and d(220)
of Co oxide structure [48] (Fig. 3d). The SAED pattern (Fig. 3e)
clearly evidences the multicrystalline features of the obtained
hybrid material. To further identify the homogeneous distribution
of Fe, Co, and O in the nanoneedle of the urchin–shaped nanostruc-
tures, the STEM and its corresponding EDS color mapping analysis
were carried out (Fig. 3f). The EDS mapping exhibits the uniform
distribution of Fe, Co, and O throughout the nanoneedle nanostruc-
ture, clearly approving the well mixing of Fe, Co, and O to form a
homogeneous mixture of oxide nanostructures.

3.2. XRD and BET analysis

Fig. 4a presents the XRD patterns for CSs, Fe Oxide/CSs, Co
Oxide/CSs, and FeCo Oxide/CSs hybrid in the diffraction 2� range of
5◦ to 80◦. For all surveyed samples, a broaden peak at 2� of 2̃1.7◦

arises from the CSs feature [49]. In the case of the Fe Oxide/CSs,
the available diffraction peaks at 2� of 24.2◦, 33.1◦, 35.7◦, 40.8◦,
49.4◦, 54.1◦, 62.6◦, and 64.1◦ can be assigned to the d(012), d(104),
d(110), d(113), d(024), d(116), d(213) and d(300) crystalline planes
of the Fe2O3 structure, respectively [50]. Meanwhile, the XRD pat-
tern of the Co Oxide/CSs presents various peaks at 2� of 31.3◦,
36.9◦, 44.6◦, 55.8◦, 59.5◦, and 65.3◦, associated with d(220), d(311),
d(400), d(422), d(511), and d(440) crystalline planes, respectively,
confirming the formation of Co3O4 nanostructures [51]. Concern-
ing the FeCo Oxide/CSs, its XRD pattern exists all specific peaks for
both Fe2O3 and Co3O4 phases, indicating that such material simul-
taneously contains a mixture of two  these crystalline phases in its
structure [52].

For characterizing the surface area and porous characteristics of
materials, nitrogen adsorption-desorption isotherms of the CSs, Fe
Oxide/CSs, Co Oxide/CSs, and FeCo Oxide/CSs hybrid were inves-
tigated. All surveyed materials exhibit the type IV isotherm type,
suggesting their typical mesoporous features [53]. The Brunauere
Emmette Teller (BET) surface area of the FeCo Oxide/CSs was found
to be 115 m2 g−1, much higher than that of CSs (10 m2 g−1), Fe
Oxide/CSs (99 m2 g−1), Co Oxide/CSs material (36 m2 g−1) (Fig. 4b).
Besides, its pore-size distribution mainly concentrates in the range
of 2–7 nm (Inset in Fig. 4b), further indicating the mesoporous fea-
tures of the FeCo Oxide/CSs. The large surface area along with high
pore volume of the FeCo Oxide/CSs as compared to other materi-
als importantly suggest the increase of the exposed active site for
advanced catalytic activity.

3.3. Electrochemical sensing application

In this study, the FeCo Oxide/CSs-modified GCE was applied
as working electrode for hydrazine detection. The CV was inves-
tigated in 0.1 M PBS solution with the absence and presence of
0.1 mM hydrazine, as shown in Fig. 5a. It can be recognized that
there is a strong and sharp peak appearing at around 0.8 V in the
availability of hydrazine, indicating such modified electrode effec-
tively catalyzed the hydrazine oxidation. As a reference, the CV
measurements of the CSs, Fe Oxide/CSs, Co Oxide/CSs, and FeCo
Hydroxide/CSs-modified GCEs were also investigated. Mean the CV
result of the CSs-modified GCE shows no oxidation phenomenon
towards hydrazine oxidation, the Fe Oxide/CSs, Co Oxide/CSs, and
FeCo Hydroxide/CSs-modified GCEs clearly present a current peak
due to the oxidation of hydrazine (Fig. 5b). However, these peaks

have lower current intensity and positive potential as compared to
those of the FeCo Oxide/CSs, implying poorer electrocatalytic activ-
ity of Fe Oxide/CSs, Co Oxide/CSs, and FeCo Hydroxide/CSs material
than FeCo Oxide/CSs. The high-efficient catalysis for hydrazine oxi-
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Fig. 2. FE-SEM images at different magnifications of (a and b) Co Oxide/CSs, (d and e) Fe Oxide/CSs, and (g and h) FeCo Oxide/CSs; EDAX analysis of (c) Co Oxide/CSs, (f) Fe
Oxide/CSs, and (i) FeCo Oxide/CSs hybrid.

Fig. 3. (a–c) TEM image of FeCo Oxide/CSs hybrid; (d) HR-TEM image and (e) SAED spectrum of FeCo Oxide nanoneedle; (f) STEM-EDS color mapping for Fe, Co, and O in
FeCo  Oxide/CSs hybrid.
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Fig. 4. (a) XRD patterns and (b) Nitrogen adsorption-desorption isotherms of different materials: CSs, Fe Oxide/CSs, Co Oxide/CSs, and FeCo Oxide/CSs hybrid (Inset: pore
distribution of the FeCo Oxide/CSs hybrid).

Fig. 5. (a) The CV curves of FeCo Oxide/CSs-modified GCE with the absence and presence of 0.1 mM hydrazine in 0.1 M PBS solution at a scan rate of 50 mV/s; (b) The CV
c e of 0
m ent sc
s

d
f
i
c
c
o
f
t
s

omparison for different modified electrodes in 0.1 M PBS solution with the presenc
odified GCE in 0.1 M PBS solution with the presence of 0.1 mM hydrazine at differ

can  rate.

ation on the FeCo Oxide/CSs may  be attributed to some main
ollowing reasons. Firstly, the formation of urchin-like structure
ncreases the surface area, electrical conductivity, and massive
hannels for diffusion and mass transfer ability. Secondly, the
ombination between Fe-Co-O at atomic scale to form a mixed

xide nanostructure leads to modulation of electronic structure
or individual component, thereby creating enhanced electroac-
ive sites on surface to accelerate the adsorption of reactant and
ubsequently catalyze the oxidation reaction. The possible electro-
.1 mM hydrazine at a scan rate of 50 mV/s; (c) The CV curves of the FeCo Oxide/CSs-
an rates; (d) The regression curve based on current response vs. square root of the

oxidation mechanism of hydrazine on the FeCo Oxide/CSs can be
illustrated by following Equations: [54]

N2H4+H2O <=> N2H3+H3O++e−(rate-determiningstep) (1)

N2H3+3H2O <=> N2+3H3O++3e−(faststep) (2)
The CV measurements of the FeCo Oxide/CSs-modified GCE was
tested in 0.1 M PBS solution containing 0.1 mM hydrazine at differ-
ent scan rates from 15 to 125 mV/s. It can be seen the peak current
intensity increases with the rise of the scan rate, as shown in Fig. 5c.
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Fig. 6. (a) The EIS measurements of different materials in 0.1 M PBS solution with the frequency range from 105 to 10−1 ; (b) High magnification of the semicircle parts from
EIS  curves of different materials.

F  PBS
r electi
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F
t
l
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e
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e
m

ig. 7. (a) Amperometric (i–t) curve of the FeCo Oxide/CSs-modified GCE in 0.1 M
egression curve based on current response vs. hydrazine concentration; (c) The s
ifferent interferents; (d) The durability of FeCo Oxide/CSs-modified GCE in 0.1 M P

ig. 5d displays the corresponding linear fitting curve according to
he current response vs root square of the scan rate. It shows a good
inear relationship consistent with an equation I (mA) = 0.0986V1/2-
.00547 (correlation coefficient of 0.98636), suggesting that the
lectrochemical oxidation of hydrazine on the FeCo Oxide/CSs-
odified GCE is a diffusion-controlled reaction [55].

EIS technique is a powerful method to partially explain the

nhanced catalytic activity of the FeCo Oxide/CSs through assess-
ent of the change transfer ability at interfacial area between
 solution with successive addition of different hydrazine concentrations; (b) The
vity of the FeCo Oxide/CSs-modified GCE with injection of 0.1 mM hydrazine and
ution containing 0.1 mM hydrazine after 50 CV cycles at a scan rate of 50 mV/s.

electrode and electrolyte. Fig. 6a shows the EIS curves of the Fe
Oxide/CSs, Co Oxide/CSs, FeCo Hydroxide/CSs, and FeCo Oxide/CSs
hybrid. The semicricle part of the EIS result at high frequency range
is correlated to the electron transfer resistance (Rct) of electrode at
interfacial region. It was found that the Fe Oxide/CSs, Co Oxide/CSs,
FeCo Hydroxide/CSs and FeCo Oxide/CSs-modified GCE possess Rct
values of 118, 95, 113, and 90 �,  respectively (Fig. 6b). The Rct

value of the FeCo Oxide/CSs-modified GCE is much smaller than
other surveyed electrodes. Therefore, we can conclude that the
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ig. 8. (a) Response time of the FeCo Oxide/CSs-modified GCE with the addition of 0
.1  mM hydrazine; (c) The storage stability of the FeCo Oxide/CSs-modified GCE; (
ith  river water containing different known hydrazine concentrations.

eCo Oxide/CSs-modified GCE has good electrical transfer ability,
ne of the main reasons for enhancing the electrocatalytic behavior
f hybrid towards hydrazine detection.

In order to determine the linear detection range and limit
f detection (LOD) of the proposed sensor towards hydrazine
etection, the amperometric technique was applied at a work-

ng potential of +0.8 V. Fig. 7a exhibits the amperometric response
urves of the FeCo Oxide/CSs-modified GCE against successive
ddition of different hydrazine concentrations into 0.1 M PBS solu-
ion. The current rapidly increases with the hydrazine addition,
ndicating fast-response performance of the proposed sensor for
ydrazine detection. Fig. 7b displays a corresponding calibration
urve of I(mA) = 0.000123CHydrazine (�M)  + 0.0001043 consistent
ith a correlation coefficient of 0.9958 for hydrazine detection,
hich shows a linear detection range from 0.1 �M to 516.6 �M.
hen the addition of hydrazine concentration into PBS solution
ore than 0.2 mM,  the current response gradually reduces, and

herefore, they do not have linear relationship. This is due to the
ntermediate’s adsorption on reactive sites, slow diffusion possibil-
ty, and local pH change. The LOD value of the electrode was  found to
e 0.1 �M according to the S/N = 3. The achieved results imply that
he electrochemical performance of the FeCo Oxide/CSs-modified
CE exhibit good catalytic activity for hydrazine detection. This is

urther demonstrated when its performance is compared to other
revious reports, as shown in Table 1.

Selectivity is also an important factor for sensing hydrazine,

hus the anti-interference analysis of the FeCo Oxide/CSs-modified
CE towards various interferences was investigated (Fig. 7c). The
electivity of the FeCo Oxide/CSs-modified GCE was  measured with
he addition of some common interferences, such as ascorbic acid
 hydrazine; (b) The repeatability of different FeCo Oxide/CSs-modified GCE towards
 practical detection of different hydrazine concentrations in 0.1 mM PBS solution

(0.1 mM),  uric acid (0.1 mM),  urea (0.05 mM), dopamine (0.05 mM),
Na2SO4 (0.05 mM),  and KCl (0.05 mM).  In this context, 0.1 M PBS
solution was  initially added with 0.1 mM hydrazine followed by
the continuous addition of AA, UA, DA, urea, KCl, and Na2SO4
under magnetic stirring. It can be seen that the initial addition of
0.1 mM hydrazine leads to a strong current response. Meanwhile,
the subsequent additions of interferences produce weak current
responses, which are almost negligible. Furthermore, the final addi-
tion of 0.1 mM hydrazine still retain current response similar to
its first-time addition, implying that the modified electrode shows
excellent selectivity for hydrazine detection.

As important parameters to decide the practical application
of a biosensor, the durability and stability were also examined.
In this context, the durability of the FeCo Oxide/CSs-modified
GCE was carried out through evaluating the CV response over
a long-term cycling in 0.1 M PBS solution with the presence of
0.1 mM hydrazine. As shown in Fig. 7d, the shape and current
response after 50 cycles still retain similar feature of its original
curve, suggesting the good durability of the FeCo Oxide/CSs-
modified GCE. Furthermore, the amperometric measurement of
the FeCo Oxide/CSs-modified GCE was  conducted with the addi-
tion of 0.1 mM hydrazine for long-term amperometric operation.
Figure S2 indicates the current response has the retention of 91.3%
after 300 s, implying appropriate stability of the sensor towards
hydrazine detection. The small decrease of current response for the
FeCo Oxide/CSs after prolonged testing may  be resulted from cer-

tain degradation of urchin structures due to effect of ion diffusion
and electrolyte penetration during long-term reaction. This is con-
firmed by a SEM image of the material after stability test (Fig. S3),
which indicates some morphological changes with little reduction
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Table 1
Comparison of sensing performance between the FeCo Oxide/CSs-modified GCE and previous reports towards hydrazine detection.

Materials LOD (�M) Detection range (�M) References

PEDOT:PSS/Pd 0.12 0.4–100 [56]
Nano-CoTAPC/SPEs 30 10-100 [57]
ZnO/SWCNT 0.1 0.5-50 [58]
Hierarchical micro/nano architectures/ZnO 0.51 0.8-200 [59]
TiO2/CNT 0.22 0.35-162 [60]
�-Fe2O3/CPANI nanocomposite 0.153 0.2-40 [54]
AuPd  nanorod chains 0.02 0.10-501 [61]
CuxO–PEDOT 0.2 0.5–600 [62]
Mesoporous Au/ZnO 0.242 0.2–14.2 [63]
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ZnO/MWCNTs/GCE 0.18 

Au/SWCNHs/GCE 1.1 

FeCo  Oxide/CSs 0.1 

f uniformity, density, and sharpness of nanoneedles in the urchin
tructures, thereby leading to decreasing electrocatalytic active site
umber for hydrazine oxidation.

In another regard, the response time was evaluated to be 7 s,
mplying fast response of the developed FeCo Oxide/CSs-modified
CE towards hydrazine oxidation (Fig. 8a). The reproducibility
nd storage stability of the FeCo Oxide/CSs-modified GCE were
lso examined in detail. In this regard, the current responses of
ight different electrodes in 0.1 M PBS solution containing 0.1 mM
ydrazine exhibit the relative standard deviation (RSD) of 3.63%,

mplying its good reproducibility (Fig. 8b). The current sensor was
nvestigated the stability after storing at room temperature for
ong-term time. The obtained results indicate that it retains a cur-
ent value of about 89.8% compared to initial response for hydrazine
etection after 13 days, indicating its good storage stability (Fig. 8c).
urthermore, to evaluate the feasibility of the proposed sensor for
ractical detection of hydrazine, four river water samples contain-

ng different known hydrazine concentrations were spiked in 0.1 M
BS solution and were then used to detect hydrazine under the opti-
ized conditions (Fig. 8d). The sensor shows the satisfactory results
ith the RSD% of 3.8–5.6% and the recovery of 102.3–108.5%, sug-

esting its possibility for practical hydrazine sensing application.

. Conclusion

In this study, we successfully developed a novel urchin-like
tructure of FeCo Oxide/CSs hybrid through a facile two-step
ydrothermal method followed by an annealing at 300 ◦C in
ir. The formation of such unique structure was highly benefi-
ial for electroactive sites, charge transfer, and diffusion ability
o improve electrochemical oxidation of hydrazine. The pro-
osed FeCo Oxide/CSs-based sensor can electrochemically detect
ydrazine with wide linear range detection range of 0.1–516.6 �M,

ow LOD of 0.1 �M,  and fast response time of 7 s. In addition, the
ood anti-interference was also demonstrated. Furthermore, the
ensor could accurately determinate hydrazine in real samples.
he achieved results imply that the FeCo Oxide/CSs can be applied
s an efficient catalyst towards sensitive hydrazine detection for
ractical sensing applications.
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