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Abstract A magnetic glassy carbon electrode (mGCE)
was modified with a ternary composite prepared from
Prussian blue (PB), magnetite (Fe3O4) nanoparticles, and
reduced graphene oxide (rGO) in order to obtain an am-
perometric sensor for hydrazine. The utilization of Fe3O4

facilitates the magnetic immobilization and separation of
sensing material, while the use of rGO enhances sensitiv-
ity. The surface coverage and the stability of the PB on
the modified electrode were considerably improved. The
electro-oxidative response to hydrazine was investigated
with this modified mGCE using cyclic voltammetry and
amperometric. The sensor, typically operated at a voltage
of 0.2 V (vs. SCE), displays superior response hydrazine,
with a response time of 4 s, a sensitivity of 97.73 μA
μM−1 cm−2 and a 13.7 nM detection limit.

Keywords Magnetite nanoparticles . Reduced graphene
oxide .Prussianblue .Hydrazine .Electrocatalysis .Magnetic
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Introduction

As an efficient reducing agent, hydrazine has been widely
utilized in many practical applications. Since hydrazine has
been considered as a carcinogenic agent which can probably
bring damage to liver and brain [1], its determination is prac-
tically important for environment protection and health. A
number of methods, e.g. spectrophotometry [2], chemilumi-
nescence [3], potentiometry [4] and electrochemical tech-
niques [5], have been reported for the quantitative deter-
mination of trace hydrazine. Among these strategies, elec-
trochemical method is worth applying because of its high
sensitivity as well as simplicity. So far, numerous chemi-
cally modified electrodes, based on redox catalyst such as
Pd–TiO2 [6], Vitamin B12 [7], o-aminophenol [8],
benzofuran-CNT/ionic liquids [9] and C@ZnO nanorods
[10] have been developed for the detection of hydrazine.
Although satisfactory results have been achieved in most
attempts, some of them are not eco-friendly when using
phenols and benzofuran derivative.

Nowadays, considerable attention has been paid to
Prussian blue (PB) modified electrodes in the electrochemical
areas for detecting some common molecules such as O2, hy-
drogen peroxide and hydrazine [11–13]. However, the high
solubility of PB at neutral and basic solutions is the principal
handicap for its further application. To enhance the stability
and activity of PB-based modified electrodes, numerous ma-
terials have been devoted to prepare PB films, such as metal
nanoparticles, conducting polymers and carbon materials
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[14–16]. Graphene, a two-dimensional carbon material, has
received great attention attributed to its interesting physico-
chemical properties [17]. Notably, graphene possesses large
surface area as well as good chemical stability, which can be
used as proper matrix to design PB-based composite
nanomaterials. However, graphene tends to aggregate because
of the van der Waals interaction, resulting in the loss of its
available surface area. Up to now, graphene oxide (GO), the
oxygenated derivative of graphene, is utilized as the precursor
for preparing graphene-PB composites owing to its good sol-
ubility in aqueous [12, 18]. Nevertheless, the electrostatic re-
pulsion between the negative charged PB and reduced form of
GO (rGO) is also not conducive to the combination of
graphene and PB. Therefore, it is still challenging to develop
a new strategy that can effectively improve the electrochemi-
cal properties and stability of graphene/PB modified
electrode.

Magnetic Fe3O4 nanoparticles have been used as promis-
ing electrode materials because of their catalysis, magnetic
properties, low cost and eco-friendliness [19–21]. However,
the major drawback of pristine Fe3O4 nanoparticles is that
they are more likely to aggregate, resulting in large magnetism
loss and poor dispersibility. It has been demonstrated that the
combination of Fe3O4 nanoparticles with graphene effectively
eliminates the self-aggregation possibility of Fe3O4 particles
and the stacking of individual graphene sheets [19]. The mag-
netic graphene composites (Fe3O4@rGO) provide a valid
method for electrode modification and separation problems
associated with graphene. Several Fe3O4@rGO have been
applied in various fields, but only a small part of them have
been used for the purposes of electrochemical sensing or bio-
sensing [22].

Study on nanomaterials has increasingly concentrated
on combining two or more different constituents in one
system owing to their novel and/or enhanced properties
that can not be achieved by each constituent [23–26].
Yang et al. have prepared PB/Fe3O4/GO composite by
an in situ controllable method for the removal of radioac-
tive cesium in water. The combination of PB and Fe3O4/
GO composite leaded to the improved specific removal
efficiency [27]. To the best knowledge of the authors,
there is little work undertaken on PB/Fe3O4@rGO ter-
nary composite modified electrode applied in hydrazine
sensing. Hence, we investigated a sensitive electrochem-
ical sensor by taking the advantage of PB, graphene and
magnetic Fe3O4 nanoparticles, aiming at providing a re-
liable and stable method for the determination of hydra-
zine in aqueous environment. In this paper, PB was
synthesized on the surface of Fe3O4@rGO by electro-
chemical deposition approach to prepare a PB/
Fe3O4@rGO modified electrode which exhibited high
stability and excellent sensing performances for electro-
chemical detection of hydrazine.

Experimental

Reagents and apparatus

Graphite (powder <20 μm) was purchased from Sigma–
Aldrich Company, USA (www.sigmaaldrich.com). GO
was prepared by the modified Hummers method [28].
All other chemical reagents were utilized without
further treatment.

The electrochemical experiments were conducted using a
CHI660D analytical system (Shanghai Chenhua Instrument
Corp, China, www.chinstruments.com) with a three-
electrode system cell. A platinum wire was selected as the
counter electrode and a saturated calomel electrode (SCE)
was used as reference electrode. PB/Fe3O4@rGO modified
mGCE was employed as working electrode. The bare
mGCE (Φ = 3 mm, magnetic flux density = 0.5 T) was pur-
chased from Gaoss Union Technology Co., Ltd. (Wuhan
China, www.gaossunion.com). The diagram of the mGCE
was shown in Scheme 1 (part B) and the photos of the
actual electrode device were given in Electronic Supporting
Material (Fig. S1). Pure nitrogen was bubbled through the
solution for 15 min before electrochemical experiments. The
electrochemical impedance spectroscopy (EIS) was carried
out in 0.5 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) aqueous solution
containing 0.1 M KCl with the voltage amplitude of 5 mV in
the frequency range from 1 to 105 Hz. The morphologies of
the samples were recorded by a scanning electron mi-
croscope (SEM, Nava NanoSEM 450, www.fei.com).
The crystallographic structures of the materials were
characterized on a Bruker D8-Advance X-ray diffrac-
tometer (XRD, www.bruker.com) with Cu Kα radiation
(λ = 1.5418 Å). The Fourier-transform infrared spectra
(FTIR) were employed by a Nicolet Nexus-670 spec-
trometer. Magnetic properties were studied by means
of Quantum Design MPMS XL-5 SQUID magnetometer
(USA, www.qdusa.com).

Synthesis of Fe3O4@rGO composite

Fe3O4@rGO was prepared via a hydrothermal method ac-
cording to the previous report [29]. Briefly, GO (0.33 g) was
dispersed in 60 mL ethylene glycol (EG) with the help of an
ultrasonic bath. At the same time, 0.72 g FeCl3 was dissolved
into another 60 mL EG. The above two solutions were mixed
by ultrasonication and then 2.4 g CH3COONa was added into
the solution and stirred vigorously at room temperature for
30 min. Subsequently, the resulting mixture was transferred
into a 100 mLTeflon-lined autoclave and heated at 200 °C for
6 h. After cooling to room temperature, the black solid product
was isolated from the mixture under magnetic field and
washed with ethanol and ultrapure water for several times.
Finally, the wet product was dried in vacuum (60 °C). For
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comparison, the Fe3O4 was also synthesized under the same
condition without adding GO. The diagram of the preparation
process of the Fe3O4@rGO composite was illustrated in
Scheme 1 (part A).

Preparation of PB/Fe3O4@rGO modified electrode

Prior to modification, the mGCE was polished with 0.3
and 0.05 μm α-Al2O3 powder, washed successively by
ultrasonication in ethanol and water, and then dried in air.

The PB/Fe3O4@rGO/mGCE was obtained as follows:
1 mg mL−1 Fe3O4@rGO suspension was prepared by dispers-
ing a certain amount of Fe3O4@rGO in water with ultrasonic
agitation for about 30 min. Then, 6 μL of this suspension was
dropped onto the cleaned mGCE surface, and dried for 2 h
under ambient condition. Later, the Fe3O4@rGO/mGCE was
immersed in a solution containing 3.0 mM K3[Fe(CN)6],
3.0 mMFeCl3, 0.1MKCl and 0.1MHCl, and cyclic potential
sweep was controlled in the potential range between −0.1 and
1.1 V with a scan rate of 50 mV s−1 for 15 circles. After
thoroughly washed by distilled water, the PB/Fe3O4@rGO/
mGCE was activated by applying another 10 cyclic sweeps
between −0.1 and 1.1 V in 0.1 M KCl and 0.1 M HCl mixed
aqueous solution (Fig. S2). Finally, the PB/Fe3O4@rGO/
mGCE was dried in air for 1 h to stabilize the formed
PB layer. The schematic representation of the fabrication
process of the PB/Fe3O4@rGO/mGCE was illustrated in
Scheme 1 (part C). For comparison, PB/Fe3O4/mGCE and
PB/mGCE were also fabricated in the same way. Cyclic
voltammograms (CVs) were recorded at a scan rate of
50 mV s−1. For the electrochemical detection of hydra-
zine, different concentrations of hydrazine were added to
the stirring N2-saturated phosphate buffer (0.05 M,
pH 6.0, containing 0.1 M KCl) and the generated current
was recorded using amperometric technique with an ap-
plied potential of 0.2 V.

Results and discussion

Choice of materials

In this approach, Fe3O4@rGO composite was used since they
can be easily adsorbed on the surface of magnetic glassy car-
bon electrode (mGCE) under magnetism without any glue,
and they can be separated from the surface of the mGCE after
the removal of a magnetic field. PB nanoparticles were uti-
lized owing to their excellent reversible redox and catalytic
properties. The stability of PB modified electrode is unsatis-
factory due to the high solubility of PB in many cases. Herein,
PB nanoparticles were synthesized on the surface of
Fe3O4@rGO through electrochemical deposition approach,
in order to improve the stability of PB and at the same time
keep its electrochemical activity. The stability of the PB/
Fe3O4@rGO/mGCE was tested in phosphate buffer using
CV for 100 cycles (Fig. 1). The PB/Fe3O4@rGO/mGCE
shows excellent stability with smaller changes of the peak
current after 100 cycles. In contrast, significant decrease of
peak current was observed on the PB/mGCE and PB/Fe3O4/
mGCE after 100 cycles. This result demonstrates that PB/
Fe3O4@rGO/mGCE possesses better stability than PB/
mGCE and PB/Fe3O4/mGCE, verifying effective protection
of PB with the Fe3O4@rGO.

Characterization of Fe3O4@rGO composite

The SEM images of Fe3O4 and Fe3O4@rGO composite are
shown in Fig. 2. The Fe3O4 particles (Fig. 2a and b) are spher-
ical with an average diameter of approximate 400 nm. The
size distribution of Fe3O4 is non-uniform because of the ag-
glomerates to large particles [30]. After the combination with
GO to form Fe3O4@rGO composite (Fig. 2c and d), wrinkled
rGO layers and smaller Fe3O4 particles with the diameter
range from 120 to 270 nm are clearly observed, implying that
the Fe3O4 microspheres are anchored on the interface of rGO

Scheme 1 Schematic
illustrations of the preparation
process of the Fe3O4@rGO
composite (a), the architecture of
mGCE (b) and the fabrication
process of the PB/Fe3O4@rGO/
mGCE (c)
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layers. The pleat structure of the rGO can prevent the aggre-
gation of Fe3O4. Besides, the Fe3O4 microspheres can also act
as stabilizer to prevent rGO sheets from aggregation [29].
Therefore, the wrinkled flake-like structure can be observed
clearly while rGO was decorated with Fe3O4 nanoparticles.
Such rough structures provide a large effective surface area.
This is beneficial for the absorption of electroactive species
onto the Fe3O4@rGO modified electrode.

The crystalline structures and the chemical bonds of
Fe3O4@rGO composite were already characterized by using
XRD and FTIR, and the results are given in Fig. S3 and
Fig. S4. The magnetization curves of Fe3O4@rGO composite
measured at 300 K are shown in Fig. S5. To obtain an intuitive
estimate of the magnetic response of Fe3O4@rGO, two pho-
tographs of Fe3O4@rGO suspension in an applied magnetic
field are displayed in inset of Fig. S5. Fe3O4@rGO can be

easily attracted by placing the mGCE on the side of the con-
tainer or by immersing the electrode shallowly into
Fe3O4@rGO suspensions, which is helpful for the modifica-
tion and separation of Fe3O4@rGO on the electrode surface
under external magnetic field. The cyclic voltammetric re-
sponses and the electron transfer properties of the
Fe3O4@rGO modified electrode were also investigated and
the results are given in Fig. S6 and Fig. S7. The
Fe3O4@rGO/mGCE presents higher peak current and fast
electron transfer kinetics compared to Fe3O4/mGCE and bare
mGCE, which suggests that the electrical conductivity and
electroactive surface area of the composite are increased by
the presence of rGO.

Electrochemical characteristics
of the PB/Fe3O4@rGO/mGCE

To investigate the synergistic effect of the Fe3O4@rGO com-
posite, different materials modified electrodes were character-
ized by cyclic voltammetry. Fig. 3 shows the cyclic voltam-
mograms (CVs) of the PB/Fe3O4@rGO, PB/Fe3O4 and PB
modified mGCE in 0.05M phosphate buffer (pH 6.0) contain-
ing 0.1 M KCl. Two pairs of well-defined redox couples ap-
pear on each CVs curve, which are ascribed to the redox
processes of PB/Berlin green (BG) and PB/Prussian white
(PW), respectively [31]. The two redox processes can be de-
scribed as follows:

PBÞ Fe4III FeII CNð Þ6
� �

3 þ 4e− þ 4Kþ→ PWð Þ K4Fe4
II FeII CNð Þ6
� �

3

�

ð1Þ
PBð Þ Fe4III FeII CNð Þ6

� �
3 þ 3Cl−→ BGð Þ Fe4III FeIII CNð Þ6

� �
3Cl3 þ 3e−

ð2Þ

Compared with the PB/mGCE, a significantly increased
current is clearly observed for PB/Fe3O4/mGCE modified
electrodes. This phenomenon may be ascribed that the pres-
ence of Fe3O4 microspheres increases the surface concentra-
tion of PB on the electrode. Obviously, the PB/Fe3O4@rGO/
mGCE shows the highest peak current in the three modified
electrodes, which indicates that the Fe3O4@rGO plays an im-
portant role to enhance the electroactive surface area as well as
the coverage of PB on the electrode surface.

The surface coverage (Γ*) of PB was evaluated as follow:
Γ* = 4ipRT/n

2F2νA, where ip is the peak current (A), n is the
number of electrons transferred per electroactive species, ν is
the sweep rate (V·s−1), A is the geometric area of the working
electrode (cm2). F, R and T have their usual meanings. Taking
the second couple of redox peaks as an example, the Γ* of PB
is 1.23 × 10−8 mol cm−2 for the PB/Fe3O4@rGO/mGCE,
which is obviously higher than that obtained from the PB/
Fe3O4/mGCE (6.11 × 10−9 mol cm−2) and PB/mGCE

Fig. 1 The CV stability test of PB/Fe3O4@rGO/mGCE, PB/Fe3O4/
mGCE and PB/mGCE for 100 cycles at a scan rate of 50 mV s−1 in N2-
saturated phosphate buffer (0.05 M, pH 6.0) containing 0.1 M KCl
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(2.81 × 10−9 mol cm−2). Obviously, the existence of
Fe3O4@rGO significantly enhances the amount of PB.
Indeed, the rough surface of Fe3O4@rGO can provide the
largely exposed surface area to make the increase of PB on
the electrode surface.

Optimization of experimental variables

The effects of the magnetic field and film thickness on the
electrochemical behavior of the ternary PB/Fe3O4@rGO com-
posite modified electrode were studied (See ESM). As exhib-
ited in Fig. S8A andB, the peak current of the PB/Fe3O4@rGO
prepared with themagnetic field was obviously higher than the
other one. In addition, the peak current increases with the in-
crease of cycle number and reaches a maximum at 15 cycles.
The influence of scan rates on the voltammetric behavior of
PB/Fe3O4@rGO/mGCE was also investigated when the scan
rate increases from 5 to 600 mV s−1 (See Fig. S9). The peak

currents are found to be proportional to the scan rate when it is
lower than 50 mV s−1 (Fig. S9B), indicating the redox process
of PB is a surface-controlled process. Fig. S9C shows the re-
lationship of peak current against the square root of the sweep
rate over the range from 60 to 600 mV s−1, suggesting that the
reaction kinetics change from a surface-controlled process to a
diffusion-controlled process.

Amperometric response of the modified electrodes
to hydrazine

In this section, the electro-oxidation ability of PB/
Fe3O4@rGO/mGCE towards hydrazine was studied. To dis-
tinguish the contribution of individual modified components
and illustrate the potential synergistic effects among them,
exper iments on the bare mGCE, PB/mGCE and
Fe3O4@rGO/mGCE were also carried out. Fig. S10 shows

Fig. 2 SEM images of (a) Fe3O4

nanoparticles and (b)
Fe3O4@rGO composite

Fig. 3 CVs of PB/Fe3O4@rGO, PB/Fe3O4 and PB modified mGCE
electrodes in 0.05 M phosphate buffer (pH 6.0) containing 0.1 M KCl
at 50 mV s−1

Fig. 4 CVs of PB/Fe3O4@rGO/GCE in N2-saturated phosphate buff
(0.05 M, pH 6.0) containing 0.1 M KCl without (a) and with (b) of
2.5 × 10−5 M hydrazine at a scan rate of 50 mV s−1
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the CVs resulting from the bare mGCE, PB/mGCE and
Fe3O4@rGO/mGCE in 0.05 M phosphate buffer (pH 6.0)
containing 0.1 M KCl without (a) and with (b) 2.5 × 10−5 M
hydrazine addition. As can be observed, there is a sigmoid like
curve, revealing the sluggish electrocatalytic property of bare
mGCE for electro-oxidation of hydrazine. CV of
Fe3O4@rGO/mGCE exhibits an increased oxidation current
at potential of +0.35 V which is lower than that at the bare
mGCE, indicating good anodic characteristics with fast elec-
trode kinetics. In terms of PB/mGCE, a well-defined oxidation
peak at potential of +0.2 V with highly enhanced oxidation
current is observed. When the two electrocatalysts are com-
bined together to form PB/Fe3O4@rGO modified electrode,
an enhancement of anodic peak current, which is the largest
among all of the electrodes, can be observed from the CVs
presented in Fig. 4. The improved performance is the result of

the synergistic effect of Fe3O4@rGO and PB nanoparticles.
The catalytic mechanism is described as the following reac-
tion process [5, 32]:

K2Fe
II FeII CNð Þ6
� �

→KFeIII FeII CNð Þ6
� �þ e− þ Kþ ð3Þ

4KFeIII FeII CNð Þ6
� �þ N2H4 þ 4Kþ→4K2Fe

II FeII CNð Þ6
� �þ N2↑þ 4Hþ

ð4Þ

Based on the result of Fig. 4, amperometry with the potential
of 0.2 V was selected to compare the responses of different
electrodes (Fig. 5). It can be seen that both Fe3O4@rGO/
mGCE (b) and PB/mGCE (c) have electrocatalytic effect to-
wards hydrazine, while the bare mGCE (d) yields negligible
response under the same condition. When Fe3O4@rGO was
applied to immobilize PB, the current of the PB/Fe3O4@rGO
electrode (a) increases evidently and is greater than the sum of
PB and Fe3O4@rGO. This enhancement of electrocatalysis is
perfectly in agreement with the result obtained by cyclic volt-
ammetry and further confirms the synergistic effect among PB
and Fe3O4@rGO, which may arise from the good conductor of
rGO and 3D structure of Fe3O4@rGO. Therefore, a great cur-
rent response appears for PB/Fe3O4@rGO to determine hydra-
zine. As shown above, PB/Fe3O4@rGO/mGCE displays excel-
lent electrocatalytic ability toward the oxidation of hydrazine,
and possesses promise for application as electrochemical sensor.

Amperometry is superior to cyclic voltammetry technique
for the purpose of sensing because it can provide a fast eval-
uation on the important characteristics of sensors, such as
sensitivity, selectivity and detection limit. Moreover, another
advantage of amperometry is that current is measured under
an optimal potential where capacitive current is negligible, and

Fig. 5 Amperometric response recorded at PB/Fe3O4@rGO/mGCE (a),
Fe3O4@rGO/mGCE (b), PB/mGCE (c) and bare mGCE (d) with the
addition of 0.25 μM hydrazine to stirring N2-saturated PBS. Condition:
in 0.05 M phosphate buff (pH 6.0) containing 0.1 M KCl at 0.2 V

Fig. 6 Amperometric response
of PB/Fe3O4@rGO/mGCE with
successive injection of hydrazine
into a stirring N2-saturated 0.05M
phosphate buffer (pH 6.0)
containing 0.1 M KCl at 0.2 V.
Inset: calibration curve of
hydrazine concentration on the
modified electrode
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thus the signal-to-noise ratio is increased. Fig. 6 depicts the
typical amperometric response of PB/Fe3O4@rGO/mGCE ex-
amined by successively adding hydrazine into a stirring 0.05M
phosphate buffer (pH 6.0) containing 0.1 M KCl at a working
potential of 0.2 V. The electrocatalytic current increases fleetly
with the addition of hydrazine solution, and reaches its steady-
state value rapidly within 4 s. The obtained response current is
linear with the concentration of hydrazine in the range of 0.12
to 9 μM. The linear regression equation is I (μA) = 6.939C
(μM) – 0.16231, with the correlation coefficient of 0.99976.
Based on the method used in [33], the limit of detection, Cm, is
estimated by the equation of Cm = 3sbl/m, where sbl stands for
the standard deviation of the blank response (μA) and m is the
slope of the calibration plot (6.939 μA μM−1). From the above
data, the sensitivity and the detection limit of the modified
electrode for detecting hydrazine were calculated to be
97.732 μA μM−1 cm−2 and 0.0137 μM, respectively.
Moreover, the performance comparisons of the electrode and
other reported results were listed in Table 1. It is exciting to find
that the sensor has higher sensitivity and lower limit for hydra-
zine sensing, demonstrating that the combination of rGO,
Fe3O4 and PB is more effective in the electroanalysis of hydra-
zine. Additionally, this modified system is eco-friendly and
relatively inexpensive as compared with noble metal materials.

The potential interference of some inorganic ions, which
might coexist with hydrazine in environmental system, was
investigated with the method of amperometric detection of
1 μM hydrazine. We found that 100-fold of Mg2+, Li+, NH4

+,
Na+, K+, Br−, NO2

−, NO3
−, F−, SO4

2−, NH4OH, urea and glu-
cose had no obvious influence on the detection of hydrazine
(Fig. S11). The above results indicate excellent selectivity of the
PB/Fe3O4@rGO modified electrode toward hydrazine.

Conclusions

PB/Fe3O4@rGO composite was deposited on mGCE which
displayed higher sensitivity and lower detection limit towards

hydrazine sensing application by Amperometric method. The
sensor exhibits higher-sensitivity (~ 97.732 μA μM−1 cm−2)
and lower-detection limit (~ 13.7 nM) with good linearity in
short response time. These remarkable advantages substantial-
ly make PB/Fe3O4@rGO modified electrode quite promising
for the detection of hydrazine. However, fixed magnetic field
strength was employed for the assembly of the ternary com-
posite modified electrode in this paper. Different magnetic
field strength should be applied to discuss the structures and
electrochemical performances of the modified electrodes,
which will be finished in the future work.
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