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with core-shell structure and its electrocatalytic reduction
toward H2O2
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Abstract The Fe3O4-Prussian blue (PB) nanoparticles with
core-shell structure have been in situ prepared directly on a
nano-Fe3O4-modified glassy carbon electrode by cyclic
voltammetry (CV). First, the magnetic nano-Fe3O4 particles
were synthesized and characterized by X-ray diffraction.
Then, the properties of the Fe3O4-PB nanoparticles were
characterized by CV, electrochemical impedance spectros-
copy, and superconducting quantum interference device.
The resulting core-shell Fe3O4-PB-modified electrode dis-
plays a dramatic electrocatalytic ability toward H2O2

reduction, and the catalytic current was a linear function
with the concentration of H2O2 in the range of 1×10−7~5×
10−4 mol/l. A detection limit of 2×10−8 (s/n=3) was
determined. Moreover, it showed good reproducibility,
enhanced long-term stability, and potential applications in
fields of magnetite biosensors.
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Introduction

Nanosized materials offer many advantages due to their
unique size and physical properties. In recent years,
magnetite (Fe3O4) nanoparticle, due to its good biocom-

patibility, strong superparamagnetic property, low toxicity,
and easy preparation process, is becoming the focus of
research and has attracted increasing attention in the fields
of biology [1], microwave absorption [2], and sensors [3,
4]. The Fe3O4 nanoparticles can provide a favorable
microenvironment for proteins to directly immobilize on
the electrode surface, and the protein-Fe3O4 film illustrates
good catalytic activity toward some biological or environ-
mental molecules, such as hydrogen peroxide, trichloro-
acetic acid, etc. [5–8]. Reetz et al. [9] reported mechanically
stable lipases-Fe3O4 nanoparticles sol-gel biocatalysts by
simultaneous entrapment of lipase and nanostructured
Fe3O4 nanoparticles in hydrophobic sol-gel materials. On
the other hand, a novel tyrosinase biosensor based on Fe3O4

nanoparticles–chitosan nanocomposite has also been devel-
oped for the detection of phenolic compounds [10].

Prussian blue (PB), an inorganic conductor with Zeolite
structure, attracts much interest of investigation especially
for catalytic utilities since the first report on its synthesis by
Neff [11–13]. Zhao reported that Fe3O4 nanoparticles
modified with PB synthesized by chemical method were
immobilized on the electrode surface by the casting
technique and displayed catalysis to the reduction of H2O2

[14, 15]. However, the manual cast technique employed
may result in its easy leach from the electrode surface, thus
making it unstable.

To conquer this, a novel approach for electrochemically
synthesizing core-shell Fe3O4-PB is provided using two
steps of deposition in this article. The nano-Fe3O4 is firstly
deposited on the glassy carbon electrode (GCE) surface
forming a nano-Fe3O4/GCE. Then, the PB cover layer is
electrochemically in situ deposited on the nano-Fe3O4

surface forming the core-shell structure. The properties of
the Fe3O4-PB nanoparticles are characterized by cyclic
voltammetry (CV), electrochemical impedance spectroscopy
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(EIS), superconducting quantum interference device
(SQUID), and Fourier transmission infrared (FTIR) spectra.
It was verified that the obtained core-shell Fe3O4-PB
modified electrode has strong electrocatalytic activity toward
H2O2 reduction. This is a continuation and deepening of our
previous work on the role of the Fe3O4 nanoparticles in the
fields of magnetite biosensors [6, 7].

Experimental

Materials

Iron powder reduced, ferric chloride, potassium ferricya-
nide, and H2O2 were purchased from Shanghai Reagents.
All other reagents were of analytical grade and used
without further purification. H2O2 solution was freshly
prepared before each use. A 0.1 mol/l phosphate buffer
solution (PBS) was prepared by mixing proper volumes of
1.0 mol/L K2HPO4 and 1.0 mol/L KH2PO4 stock solutions
and adjusted with 1.0 mol/L H3PO4 and 1.0 mol/L KOH.
Doubly distilled water was used to prepare all solutions.
High-purity nitrogen was used for solution deaeration and a
nitrogen atmosphere in the cell was kept during the
experiments.

Apparatus and procedure

Electrochemical experiments such as CV and amperomet-
ric i–t curve were performed on a model CHI832
electrochemistry analyzer (Chen-Hua, Shanghai, China).
EIS measurements were carried out at a CHI 660A
workstation (Chen-Hua). All electrochemical experiments
employed a three-electrode system, which consisted of a
working electrode, a platinum wire auxiliary electrode and
a saturated calomel reference electrode (SCE). All poten-
tials in the paper were reported vs SCE. A GCE (Φ=
4 mm) or Al foil (2×1 cm) was used as the basal electrode
for modification. Experiments were carried out at room
temperature.

X-ray diffraction (XRD) was recorded on a MXPAHF
rotating anode X-ray diffractometer (Japan) with a Cu-Kα

radiation resource (λ=1.54056 Å) in the 2θ range from 20°
to 70°.

The morphology image of the PB-Fe3O4/GCE surface
was obtained on JSM-6700F field emission scanning
electron microanalyzer (FE-SEM; JEOL, Japan).

EIS measurements were carried out in 0.01 mol/L Fe
(CN)6

4−/3−+0.1 mol/L KCl in the range of 100 kHz to
0.05 Hz at 0.2 V, the formal potential of the Fe(CN)6

4−/3−

redox couple.
The DC magnetic measurements of Fe3O4 and PB-Fe3O4

deposited on Al foil were performed using Magnetic

Properties Measurement System quantum design SQUID
magnetometer.

FTIR spectra were obtained by using model Vector 22
FTIR spectrometer (Bruker, Germany).

Preparation of nano-Fe3O4

The nano-Fe3O4 particles were prepared via chemical co-
precipitation according to the reported method [16].
FeCl3·6H2O (1.1 g, 4 mmol) and 0.03 g Fe (0.5 mmol)
were dissolved in 100 ml of deoxygenated water. A
concentrated NH3·H2O solution in minor excess was added
drop by drop to the solution under mechanical stirring until
the pH reaches 10 at 80°. Thereafter, the crystal growth was
allowed to proceed at 80° for 1 h. A dark precipitate was
then isolated from the suspension by centrifugation decan-
tation, washed with deoxygenated water, until the pH of the
suspension solution reached 7.0. The purified Fe3O4

particles were then obtained.
XRD spectrum can be used for nano-particle analysis

[17, 18]. The XRD result of the synthesized Fe3O4 particles
is shown in Fig. 1. In the range 20–70°, six major peak at
2θ value of 30.3°, 35.5°, 43.3°, 53.7°, 57.2°, and 62.8°
were observed, which was indexed as (2 2 0), (3 1 1), (4 0 0),
(4 2 2), (5 1 1), and (4 4 0) directions, respectively. From
these diffraction data, it could be inferred that the spinel
structure Fe3O4 has been synthesized [18]. According to
Scherrer’s equation, β=κλ/Dcosθ, where λ is the X-ray
wavelength, κ, the shape factor (0.89), D, the average
diameter of the crystals in angstroms, θ, the Bragg angle in
degree, and β is the line broadening measured by half-
height in radium. When the reflection peak at 2θ of 35.5°
was used, an averaged diameter of the Fe3O4 particles was
calculated as 12 nm.
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Fig. 1 XRD spectrum of the synthesized nano-Fe3O4
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Fabrication of nano-Fe3O4/GCE and PB-Fe3O4/GCE

Prior to modification, the bare GCE was polished succes-
sively with 3, 1, and 0.05 μm α-alumnia slurry on a
polishing pad. Then, it was rinsed with water and sonicated
in water and ethanol for 5 min, respectively. Finally, it was
dried under a nitrogen flow and ready for use.

The nano-Fe3O4 (40 mg) was dispersed in 10 ml
anhydrous alcohol under sonication for use. A 5-μL aliquot
of this dispersion was dropped onto the surface of GCE and
dried in the air, forming the nano-Fe3O4 particles modified
electrode, denoted as nano-Fe3O4/GCE.

The nano-Fe3O4/GCE was cycled scanning at a scan rate
of 50 mV/s between −0.2 and 1.2 V in a fresh solution
containing 5×10−3 mol/L K3[Fe(CN)6]+0.1 mol/L pH 2.0
PBS for ten cycles. The obtained modified electrode was
labeled as PB-Fe3O4/GCE.

The illustration of the PB-Fe3O4 core-shell configuration
is expressed in Scheme 1.

Results and discussion

Voltammetric fabrication of PB-Fe3O4

Figure 2 shows the CVs of the nano-Fe3O4/GCE in 5×
10−3 mol/L K3[Fe(CN)6]+0.1 mol/L pH 2.0 PBS at 50 mV/s.
Two typical pairs of redox peaks were growing up at Em

(Em=Epa/2+Epc/2) of 0.21 V (I) and 0.89 V (II), which can
be attributed to the redox reactions of PB/Prussian white and
PB/Prussian green, respectively. Comparatively, the bare
GCE shows only a redox couple at Em of about 0.28 V for
Fe(CN)6

3−/Fe(CN)6
4− reaction, and nano-Fe3O4/GCE does

not show any peaks in 0.1 mol/L pH 2.0 PBS.
Since the isoelectric point of Fe3O4 is about 6.5 [19], the

surface charge of the nano-Fe3O4 should be positive in
0.1 mol/L pH 2.0 PBS. Attachment of negatively charged
Fe(CN)6

3−/4− on the surface of nano-Fe3O4 can be expected,
which is favorable to the formation of Fe[Fe(CN)6]

−n (n=0–2)
structured layer by providing Fe3+/2+ cations. This led to the
formation of the core-shell PB-Fe3O4. Experiments showed
that the ten-cycle scan is suitable for the formation of the
core-shell PB-Fe3O4. In addition, the morphology of the
nano-Fe3O4/GCE after scans is shown in Fig. 3; it can be
seen that the surface is covered by the PB-Fe3O4 nano-
particles of 50–120 nm size.

EIS for PB-Fe3O4/GCE

EIS is an effective method for evaluating the surface layer
properties using the redox probe Fe(CN)6

4−/3− [20]. The
total impedance of the electrode is determined by several
parameters: solution resistance, Rsol; double layer capaci-
tance, Cdl; charge transfer resistance, Rct; and Warburg
impedance, Zw. In the actual circuit, the constant phase
angle element (CPE) is used in place of pure capacitance
considering the influence of the electrode surface rough-
ness. CPE manifests itself by altering the expected shape of
ideal capacitor/resistor combinations and is expressed as Z
(CPE)=A(jω)−n, where A and n (0<n≤1) are frequency
independent proportionality constants. When n=1, the CPE
can be expressed as pure capacitance. The Randles
equivalent circuit (Fig. 3, inset) comprising the Rsol, Rct,
Zw, and CPE was used to fit the measured results of the
nano-Fe3O4/GCE and PB-Fe3O4/GCE [21].

Fe3O4 

PB 

Scheme 1 The core-shell configuration of the PB-Fe3O4
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Fig. 2 CVs of the nano-Fe3O4/GCE in 5×10−3 mol/L K3[Fe(CN)6]+
0.1 mol/L pH 2.0 PBS. Scan rate, 50 mV/s

Fig. 3 FE-SEM image of PB-Fe3O4/GCE
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The EIS results for the bare GCE (a), nano-Fe3O4/GCE
(b), and PB-Fe3O4/GCE (c) in 0.01 mol/L Fe(CN)6

4−/3−+
0.1 mol/L KCl solution are shown in Fig. 4. From Fig. 4, it
can be seen that Fig. 4a shows a small semicircle domain of
112.5 Ω in diameter with an almost straight tail line, which
is characteristic of a diffusion limiting step of the
electrochemical process [22–24]. Figure 4b displays much
higher interfacial Rct, the semicircle is significantly en-
larged, and an Rct value of 820.3 Ω can be calculated. These
results indicate that the negative Fe3O4 nanoparticles layer
forms a significant blocking effect of the Fe(CN)6

4−/3−

redox reaction in 0.1 mol/L KCl solution. However, the
semicircle is reduced a little bit on the PB-Fe3O4/GCE, as
shown in Fig. 4c, and an Rct value of 687.6 Ω can also be
calculated. The reduction of the Rct value suggests that the
PB-Fe3O4 nanoparticles accelerate the Fe(CN)6

4−/3− redox
reaction compared with the nano-Fe3O4, and the PB has
been attached to the nano-Fe3O4 surface. Moreover, it can
be seen that these fitted curves are in well consistent with
the experimental results.

Magnetic properties of the PB-Fe3O4

The magnetic properties of nano-Fe3O4 (a) and PB-Fe3O4

(b) on Al foil were measured at the room temperature
(298 K) and demonstrated in Fig. 5, respectively. The
typical superparamagnetic behavior is observed by showing
almost immeasurable coercivity and remanence, which is
also the characteristic property of the magnetite. For pure
Fe3O4 (a), the saturation magnetization (Ms) is 60 emu/g,
which is less than that of the bulk magnetite [25]. The
difference may be attributed to the small particle size effect.
For PB-Fe3O4 (b), the Ms reduced to 18 emu/g probably
mainly owing to the shielding effect of the PB layer on the

Fe3O4 surface, also demonstrating that the Fe3O4 nano-
particles have been entrapped in the PB film.

FTIR spectra for PB-Fe3O4

Figure 6 shows the FTIR spectra of the synthesized nano-
Fe3O4 (a) and the PB-Fe3O4 (b). The characteristic
absorption band at about 580.3 cm−1 is attributed to the
stretching of Fe–O bond [26]. In addition, the absorption
bands near 3,421.5 and 1,624.8 cm−1 refer to the O–H
stretching mode and H–O–H bending mode [27], respec-
tively, indicating the presence of certain amount of
interstitial water in these samples. A new band at
2,081.8 cm−1 appeared at the curve a is characteristic of
PB, which corresponds to the stretching vibration of the Fe
(III)–CN–Fe(II) structure [28]. These results also indicate
the formation of PB-Fe3O4 with core-shell structure.
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Fig. 4 EIS results of the bare GCE (a), nano-Fe3O4/GCE (b), and PB-
Fe3O4/GCE (c) in 0.01 mol/L Fe(CN)6

4−/3−+0.1 mol/L KCl at 0.2 V
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Fig. 5 Magnetization loops for Fe3O4 (a) and PB-Fe3O4 (b) deposited
on Al foil
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Electrochemical behavior of the PB-Fe3O4/GCE

The electrochemical behavior of the PB-Fe3O4/GCE in
0.1 mol/L pH 6.0 PBS at different scan rates was
investigated. As shown in Fig. 7, the redox peak currents
of couple (I) are both proportional to the square root of the
scan rate from 20 to 200 mV/s, indicating a diffusion
controlled redox process. Here, it is important to note that,
indeed, only the diffusion of K+ in the PB lattice [29]. The
surface concentration of the PB (Γ0*) can be calculated
based on the equation Q=nFAΓ0* (where F is Faraday
constant, Q can be obtained by using the reduction peak
current of couple, I, on the assumption that the surface
roughness of the GCE was 10 after the nano-Fe3O4

deposition on the electrode surface, n and A stand for the
number of electron transferred and the geometrical surface
area of the electrode, respectively) [30]. Therefore, Γ0* is
approximately 1.09×10−10 mol/cm2, showing a monolayer
modification.

The influence of pH on the electrochemical behavior of
the PB-Fe3O4/GCE was also studied. With increasing the
pH value from 2.0 to 10.0, the redox peak potentials of couple
(I and II) were almost unchanged, while the peak currents
gradually decreased. This can be explained by the fact that the
PB is not very stable in neutral and alkaline solution, and
Prussian White is somewhat solvable in water [15].

Electrocatalytic reduction toward H2O2

on the PB-Fe3O4/GCE

Figure 8 shows the CVs of the PB-Fe3O4/GCE in 0.1 mol/L
pH 6.0 PBS in the absence (a) and presence (b) of 2×
10−3 mol/L H2O2. From the Fig. 8a, it can be observed that

the signal of redox couple (I) from PB layer appeared. With
the addition of 2×10−3 mol/L H2O2, as shown in Fig. 8b, the
reduction current of couple (I) increased significantly
accompanied by the decrease of the oxidation current,
indicating an electrocatalytic effect toward the reduction of
H2O2. As is well known, Fe3O4 nanoparticles have no
catalytic activity to H2O2 reduction.

According to this phenomena, an electrolysis potential
was selected at −0.05 V for obtaining a higher sensitivity of
amperometric measurements. Figure 9 shows a typical
steady state amperometric i–t response of the PB-Fe3O4/
GCE to the successive addition of 2×10−4 mol/L H2O2 into
0.1 mol/L pH 6.0 PBS under stirring. A stepped increase of
H2O2 concentration caused a corresponding stepped growth
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Fig. 7 The linear relationship between the redox peak currents of
couple (I) with the square root of scan rate from 20 to 200 mV/s in
0.1 mol/L pH 6.0 PBS solution
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of reduction currents. Moreover, after each addition of 2×
10−4 mol/L H2O2, the modified electrode responded rapidly
within 3 s to reach the steady state. The nearly equal currents
steps for each addition of H2O2 demonstrate a stable and
efficient electrocatalytic property of the PB-Fe3O4/GCE, and
the electrocatalytic ability is three times larger than that of
the protein-Fe3O4 films [5]. By using amperometric i–t curve
technique, a linear relationship between the reduction current
(I) and the concentration of H2O2 (CH2O2) was obtained in
the concentration range of 1×10−7~5×10−4 mol/L with a
linear regression equation of I (μA)=0.1811+0.0362 CH2O2

(μmol/L) (r=0.9987), as shown in Fig. 9 insert, which was
also more boarder than that previously reported in the
literature [31]. A detection limit of 2×10−8 (s/n=3) was
determined. Using the Lineweaver–Burk plot, the apparent
Michaelis–Menten constant (Km), which is an indication of
the enzyme-substrate kinetics, can be calculated. The Km

value for the horseradish peroxidase/DNA/GCE is estimated
to be 0.83×10−3 mol/L.

Reproducibility and stability

The reproducibility of the current response of the PB-
Fe3O4/GCE was examined in the presence of 2×10−4 mol/L
H2O2 in 0.1 mol/L pH 6.0 PBS. The relative standard
deviation for ten repeat injections was 2.4%.

The stability of the PB-Fe3O4/GCE was also examined.
Almost no change of the current response was found for a
week during its storage in 0.1 mol/L pH 6.0 PBS at 4 °C,
and only about 12% for 1 month. Above experimental data
demonstrated that the PB-Fe3O4/GCE has good stability
and long lifetime.

Conclusions

In this work, the Fe3O4-PB nanoparticles with core-shell
structure were in situ fabricated by electrochemically
depositing PB on a nano-Fe3O4 modified GCE. It based
on the excellent electrocatalytic property of the PB and on
the good biocompatibility of the Fe3O4 displays significant
electrocatalytic activity to the reduction of H2O2. Hence,
this provides an alternate way for the determination of
H2O2 and especially shows a new applicable prospect for
Fe3O4 nanoparticles in fabricating magnetite biosensors.
Moreover, the metal substituted analogues of PB with the
core-shell structure can also be synthesized by using this
method. Further investigations are in progress now.
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