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Abstract As a two-dimensional carbon material with high
surface area and conductivity, graphene shows great prom-
ise for designing composite nanomaterials to achieve high-
performance electrochemical devices. In this work, we
prepared graphene-based nanocomposite material by
electrochemically depositing Prussian blue (PB) nanoparticles
on the surface of graphene. Fourier transform infrared spectra,
SEM, and cyclic voltammetry were used to characterize the
successful immobilization of PB. Compared with PB films
and graphene sheets, the PB–graphene composite films
showed the largest current response to the reduction of
H2O2, probably due to the synergistic effects between gra-
phene sheets and PB nanoparticles. Therefore, a fast and
highly sensitive amperometric sensor for H2O2 was obtained
with a detection sensitivity of 1.6 μA μM−1 H2O2 per cm

2 and
a linear response range of 50∼5,000 μM. The detection limit
of H2O2 was 20 nM at a signal-to-noise ratio of 3. These
obtained results are much better than those reported for carbon
nanotubes-based amperometric sensors.

Keywords Prussian blue . Graphene . Hydrogen peroxide
sensor

Introduction

Graphene, a single layer of carbon atoms in a closely packed
honeycomb two-dimensional lattice, has attracted extensive
attention because of its unique nanostructure and extraordinary

properties, including high conductivity, high surface area, and
low manufacturing cost [1, 2]. These unique properties make
graphene a promising supporting component for potential
applications in the fields of batteries, supercapacitors, nano-
electronics and electrochemical sensors, etc. [3–6]. Recently,
numerous investigations have been focused on graphene-based
hybrid nanomaterials to achieve the functionalities of gra-
phene, for further expanding the application range and enhanc-
ing the performance of graphene-based materials [7, 8].
Toward this objective, many graphene-based nanocomposites
such as polymer/graphene, metal/graphene, and metal oxides/
graphene have been successfully designed toward applications
in technological fields of catalyst and biosensors. For example,
Pt or Pt–Ru/graphene nanocomposite have been used as an
electrocatalyst for methanol oxidation, showing better electro-
catalytic activity than carbon nanotubes (CNTs) and vulcan-
supported Pt or Pt–Ru catalyst [9–11]. It is also reported that
Au NPs/graphene [12] or MnO2/graphene oxide [13] nano-
composite materials could be an ideal nonenzymatic sensor for
hydrogen peroxide (H2O2). Therefore, integration of functional
materials on graphene sheets may hold great promise for
enhancing the performance of the graphene-based hybrid
materials.

Prussian blue (PB) is a kind of attractive inorganic ma-
terial with well-known electrochromic and electrocatalytical
properties. Due to its high activity and selectivity toward the
reduction of hydrogen peroxide, PB is usually recognized as
an “artificial enzyme peroxidase” and has been extensively
utilized in constructing electrochemical sensors based on
measuring H2O2 [14–17]. However, as pointed out recently
by Li et al. [18], there are some problems that restrain the
full development of PB-based amperometric sensor: PB
films are usually operated in acidic conditions to avoid
being decomposed, which is in conflict with near-neutral
physiological solutions for biosensing analysis. Besides, PB
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films present lower electrochemical stability, thus resulting in
a reduced lifetime of the biosensor. In order to solve these
problems, much endeavor has been devoted to searching for
novel supports that can improve the sensor’s stability and
activity. A general solution to the problem is the utilization
of CNTs/PB composites due to the enhanced stability of the
composite material [19–21]. Nevertheless, when constructing
CNTs/PB composites based electrochemical sensors, multi-
step processes are usually required to prepare in advance, such
as purifying CNTs or presynthesizing PB nanoparticles [22].
These complicated processes limit its large-scale application.
Therefore, developing new support materials with simple
preparation approach to enhance the stability of PB-based
amperometric sensor is still greatly demanded.

Of several possibilities for applications of PB, ampero-
metric detection of H2O2 is one of the most exciting.
Detection of low levels of hydrogen peroxide is important
in many areas such as modern medicine, environmental
protection, food control, and also a key factor in the devel-
opment of efficient biosensors, since H2O2 is a product of
classic reaction catalyzed by oxidase enzymes [23]. By
monitoring the electrochemical response of H2O2, the con-
centration of the enzymatic substrate can be obtained due to
their proportional relationship.

Inspired by the unique properties of graphene and its
electrocatalytic activity toward reduction of H2O2, we rea-
son that when it combined with PB nanoparticles, the resul-
tant PB/graphene nanocomposite electrochemical sensor
may bear with improved sensitivity in detecting H2O2, due
to the synergistic effect between graphene and PB nano-
particles. Hence, in this research, we developed a reliable
and fast determination method for H2O2 based on PB/gra-
phene nanocomposite material. PB nanoparticles were syn-
thesized on the surface of preimmobilized graphene with an
electrochemical deposition method to fabricate a PB/gra-
phene-modified glassy carbon electrode (GCE). Fourier
transform infrared (FTIR) spectra, scanning electron micros-
copy (SEM), and cyclic voltammetry were used to charac-
terize the successful immobilization of PB. The results
demonstrate that PB nanoparticles immobilized on graphene
support exhibit higher stability than PB films directly on
GCE surface. The PB/graphene/GCE presents low potential,
high sensitivity, and long-term stability towards electro-
chemical determination of H2O2, which is potential for the
development of bioelectronic devices and biosensors.

Experimental

Reagents and apparatus

Spectral graphite (about 50 μm; Shanghai Carbon Co., Ltd.)
was used for synthesis of graphite oxide (GO) by using the

modified Hummers method [4, 24]. The as-synthesized GO
was suspended in water to give a brown dispersion, which
was subjected to dialysis for 1 week to completely remove
residual salts and acids. Exfoliated GO was obtained by
ultrasound of the 0.5 wt.% GO dispersion. H2O2, iron chlo-
ride hexahydrate (FeCl3·6H2O), and potassium ferricyanide
(K3Fe(CN)6) were purchased from the Chemical Reagent
Company of Tianjin (China) and was used without further
purification. Other reagents were all of analytical grade. All
aqueous solutions were prepared with deionized water.

Electrochemical measurements were performed on a CHI
650 electrochemical workstation (Shanghai Chenhua
Instrument Company, China). A three-electrode system
was employed with a Ag/AgCl (3 mol L−1 KCl) electrode
as the reference electrode, a platinum foil as the counter
electrode, and the PB/graphene/GCE as the working elec-
trode. All experiments were carried out at room temperature
(25±1 °C). Cyclic voltammetric experiments were per-
formed with a scan rate of 50 mV s−1 unless otherwise
stated.

FTIR measurements were obtained with a Bruker IFS-
66v/S spectrometer (Germany) with a KBr plate. SEM
(Hitachi, S-4800, Japan) images were used to characterize
the morphology of synthesized PB/graphene nanocomposite
material.

Preparation of the modified electrodes

Prior to the electrode modification, the GC electrodes with a
diameter of 3 mm were successively polished with 1.0, 0.3,
and 0.05 μm alumina powder, and then ultrasonicated in
ethanol and water, each for 3 min. The graphene-modified
electrodes were prepared by a reportedmethod of electrochem-
ically reduction of GO precursor [25]. Typically, 6 μL of the
GO dispersion (0.5 mg mL−1) was cast onto the GC electrode
and then dried in air at room temperature. The electrochemical
conversion of GO to graphene was achieved by applying a
cathodic potential of −1.5 Von GO/GCE in 20 mM KH2PO4

solution for 10 min. Then, the following electrochemical
deposition of the PB nanoparticles on graphene was carried
out in an aqueous solution of 2.0 mM K3Fe(CN)6+2.0 mM
FeCl3·6H2O+10 mM HCl+0.1 M KCl by the CV method for
20 circles between 0.0 and 1.0 V until a stable cyclic voltam-
mogram was obtained. The prepared PB/graphene/GCE was
rinsed with deionized water and then dried in air for the
subsequent electrochemical measurements. In a control exper-
iment, PB nanoparticles were prepared on GC electrode by
using the same 20 circles in CVas mentioned above.

A 0.1 M phosphate buffer solution (PBS, pH 5.8) was used
as supporting electrolyte for the determination of H2O2. Before
and after every measurement, the PB/graphene/GCE was acti-
vated by successive cyclic voltammetric sweeps between −0.2
and 0.4 V at 50 mV s−1 in 0.1 M pH 5.8 PBS.
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Results and discussion

SEM characterization of synthesized graphene
and PB/graphene composite

The morphology of the prepared graphene and PB/graphene
composites modified GCE were characterized by SEM in
Fig. 1A, B. It is clear that slices of crumpled silk veil waves
that were wrinkled and scrolled are observed on graphene
surface (Fig. 1A). The section of wrinkled structure is at-
tributed to the π–π interaction within sheets of graphene. It
is just this wrinkled nature that renders the graphene sheets
stable and beneficial for maintaining a high surface area on
the electrode. From the SEM images of PB/graphene com-
posite, some of PB nanoparticles are uniformly spread out
on the surface of graphene sheets (Fig. 1B), which guaran-
teed efficient electrochemical properties of PB/graphene
nanocomposites. These results suggest that our electrochem-
ical deposition method we used can effectively produce
homogeneous high-loading PB nanoparticles supported on
graphene sheets.

FTIR spectra of PB/graphene composite

FTIR spectra of the prepared PB/graphene composite film
are shown in Fig. 2. Meanwhile, the FTIR spectra of GO
were also displayed. Curve a shows the pure GO; the bands
around 976, 1,056, 1,226, 1,276, 1,384, 1,580, and
1,727 cm−1 are attributed to the oxygen-containing func-
tional groups on GO [25, 26], while the band at ca.
1,619 cm−1 could be due to the O–H stretching deformation
vibration of intercalated water. After the reduction and then
modification with PB nanoparticles, the FTIR adsorption
bands of oxygen functionalities decrease significantly and
even disappear (curve b), which confirmed the successful
conversion of GO into graphene. Besides, a new strong
absorption band at 2,100 cm−1 is attributed to the C0N
stretching vibrations of PB [27]. Thus, these are the indica-
tors that PB had been assembled on the surface of graphene
through electrochemical deposition method.

Cyclic voltammetric behavior of the PB/graphene/GCE

Cyclic voltammogram of the PB/graphene/GCE in a 0.5-M
KCl aqueous solution was carried out at a scan rate of
50 mV s−1. As shown in Fig. 3, a pair of peaks located at
0.254/0.215 V (vs. Ag/AgCl) corresponding to the revers-
ible conversion of PB to Prussian white is observed. The
potential separation of the redox peaks is only 39 mV, which
is very close to the theoretical value, indicating that fast
charge transfer occurs in the modified PB/graphene com-
posite. This phenomenon could be ascribed to the highly
electrical conductivity of graphene. The effect of the poten-
tial scan rate on the reduction current of PB was investigated
in the range of 5 to 1,000 mV s−1. A linear relationship
between the peak currents and the scan rates from 5 to
30 mV s−1 is observed (inset A), indicating that the present
electrochemical reactions are a surface-controlled process.
At higher scan rates from 40 to 1,000 mV s−1, the peak
currents are found proportional to the square root of the scan
rate (inset B), suggesting that the reaction kinetics change
from a surface process to a diffusion controlled process.
These results are consistent with those reported previously
[14, 16, 28].

The stability of the PB/graphene-modified electrode was
verified by investigating its cyclic electrochemical behavior
in a blank solution of 0.5 mol L−1 KCl solution at a potential
scan range of 0∼1.2 V. As can be observed in Fig. 4A, PB/
graphene/GCE shows the typical redox characteristics of
PB; apart from the redox pair at ca. 0.2 V corresponding
to the conversion of PB to Prussian white, another redox
pair at 0.974/0.857 V corresponding to the reversible con-
version of PB to Berlin green is observed. After successive
scans in the first 30 cycles, it is clear from Fig. 4A that no
expressive changes or current decreases are observed in the
CV profiles of the PB/graphene-modified electrode, indicat-
ing that this PB/graphene composite presents high stability
for both the transition between PB and Prussian white and
between PB and Berlin green. Compared with PB-modified
electrode as Fig. 4B demonstrated, the stability of PB electro-
chemically deposited on graphene sheet is greatly enhanced.

1µm 1µm 

A B
Fig. 1 SEM images of
graphene (A) and PB/graphene
composite (B)
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Therefore, it is reasonable to conclude that the support of
graphene not only maintains the good electrochemical activity
of PB but also protect the structure of PB to be not damaged
by the intercalation/deintercalation of potassium cations,
which means that the present PB/graphene composite is an
ideal material for constructing a stable sensor devices.

Electrocatalytic reduction of H2O2 at the PB/graphene-
modified electrode

In this section, we investigated the electrocatalytic behavior of
the PB/graphene nanocomposite on GC electrode toward the
reduction of H2O2. To distinguish the contribution of individ-
ual modified components and the potential synergistic effects
among them, control experiments on the bare GCE, graphene/

GCE, and PB/GCE were also carried out. Figure 5A–C shows
the voltammograms resulting from the bare GCE, graphene/
GCE, and PB/GCE in 0.1 M PBS without (black curve) and
with 5 mM H2O2 (red curve) addition. As can be observed,
there is no electrocatalytic activity of the bare GCE toward the
reduction of H2O2. However, in terms of graphene/GCE and
PB/GCE, with the addition of 5 mM H2O2, an obvious
increased reduction current is observed, indicating that both
graphene and PB show electrocatalytic activity toward H2O2,
which is in accordance with reports of literature. Besides, the
onset potential of PB/GCE for electrochemically reduction of
H2O2 is found at 0.21 V (vs. Ag/AgCl). When the two electro-
catalysts are integrated together to form PB/graphene nano-
composite film modified electrode, a remarkable reduction
current, which is the largest among all of the electrode, can
be observed from the cyclic voltammograms presented in
Fig. 5D, recorded in a PBS aqueous solution containing
5 mM H2O2. Therefore, the synergistic effects are estimated
to occur between graphene and PB nanoparticles. The elec-
trochemical reduction of hydrogen peroxide on the PB/gra-
phene/GCE starts at 0.25 V (vs. Ag/AgCl), which is more
positive than the onset potential of PB/GCE. This 40-mV
positive shift of the onset potential for the reduction of H2O2

on the PB/graphene nanocomposite demonstrates that intro-
duction of graphene support enhances the electrocatalytic
activity of the loaded PB nanoparticles. In this process, gra-
phene in the composite films improves the electronic and
potassium ionic transport capacity, and the PB nanoparticles
act as an electron mediator between the graphene and the
hydrogen peroxide in solution.

Based on the results discussed above, the working poten-
tial for the amperometric sensing of H2O2 was optimized in
the potential range of 0.3 to −0.3 V. Figure 6 shows the
amperometric response curves of PB/graphene/GCE at dif-
ferent detection potentials ranging from 0.3 V to −0.3 V (vs.
Ag/AgCl) in 2-mM H2O2 solutions. Obviously, the reduc-
tion currents increase with negative shift of detection poten-
tial, and reach a plateau at a potential of −0.2 V as displayed
in inset of Fig. 6. Therefore, the working potential for the
amperometric H2O2 sensor was defined as −0.2 V to ensure
enough sensitivity and lower background current.

Figure 7 shows typical amperometric response of the PB/
graphene composite film electrode to successive addition of
H2O2 in pH 5.8 PBS at −0.2 V. For comparison, the
responses of PB/GCE, graphene/GCE, and a bare GC elec-
trode under the same conditions were also displayed.
Obviously, with the addition of H2O2, a stable and increas-
ing amperometric response could be seen on the three mod-
ified electrodes, while this phenomenon is not observed at
the bare GC electrode. These results are consistent with that
obtained from cyclic voltammograms. Compared with the
three modified electrode, it can be observed that the response
of PB/graphene composite film electrode is the largest,
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presenting a current of 4.21 μA with 50 μM H2O2 addition.
The PB/GCE and graphene/GCE only yields a current of 1.79
and 1.27 μA upon addition of 50 μM H2O2. Adding the
current of PB/GCE and graphene/GCE together, it is found
that this value (3.06 μA) is still smaller than that of PB/
graphene composite electrode (4.21 μA). This further indi-
cates that a synergistic effect between graphene and PB nano-
particles occurs toward the electrochemical reduction of
H2O2. The calibration curves obtained from the threemodified
electrodes are displayed in Fig. 8. The resultant PB/GCE
shows a narrow linear response range (50∼950 μM), with
further increasing of H2O2 concentration, the current response
keeps constant and even lowers due to the instability of PB
films. Regarding the PB/graphene/GCE, the linear range
spans the concentration of H2O2 from 50 μM to 5 mM (R0

0.9955) with linear equation of I (in microamperes)08.2098+
0.0552C (in micromolars), and the detection limit is 0.02 μM
(S/N03), which is lower than those at PB/multiwalled carbon
nanotubes (MCNT)-modified Au electrode (0.023 μM) [27],
CNTs/chitosan-modified electrode (10.3 μM) [28], chitosan/
multiwalled carbon nanotubes/Hb/AgNPs/GCE (0.347 μM)
[29], CNT/AuNPs/PB (3.36 μM) [30], chemically reduced
graphene oxide based sensors (0.05 μM) [26], graphene/Au
NPs/GCE (0.44 μM, −0.2 V vs. Ag/AgCl) [12], PB/ordered
mesoporous carbon composite-based sensor (1 μM) [31], etc.
In addition, the sensitivity of the sensor (obtained from the
slope of the linear part of the calibration curve) is 1.6 μA μM−1

H2O2 per cm
2, which is much higher than that reported at PB/

MCNT-modified Au electrode (0.856 μA μM−1 cm−2). Thus,
the present H2O2 sensor based on the PB/graphene-based
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hybrid material is fast, sensitive, and efficient. It demonstrates
that using graphene and some inorganic or metal nanoparticles
holds great potentials for constructing biosensors and other
bioelectronic devices.

Interferences

The possible interference of some inorganic ions and organ-
ic compounds, which might coexist with H2O2 in real sam-
ples, was investigated with the method of amperometric
detection of 50 μM H2O2. The result showed that 500-fold
of Cl−, SO4

−, CO3
2−, NO3

−, and citric acid did not cause
significant interference with deviations below 5%, indicat-
ing that these species did not affect the determination of
H2O2. Ten-fold of glucose, creatinine, trioxypurine, dopa-
mine, uric acid, tyrosine, serine, glycin, lysine did not

interfere with the oxidation signal of 50 μM H2O2. However,
fivefold of Cu2+ and Fe3+ cause a signal (peak current of H2O2)
change of about 8.6% and 10.2%, respectively. The possible
reason is the catalytic ability of Cu2+ and Fe3+ to the electro-
catalytic reduction of H2O2. Therefore, when the two cations
are present, a separation procedure is required before
determination.

Reproducibility and stability

Here, the reproducibility and stability of the PB/graphene
composite-modified GC electrodes were investigated by
measuring the current responses of the electrode upon addi-
tion of 50 μM H2O2 in PBS. The average relative standard
deviation (RSD) of the sensor response to 50 μM H2O2 was
4.8% for ten successive measurements. In a series of eight
sensors named PB/graphene composite prepared in the same
way, an RSD of 5.6% was obtained, indicating an excellent
reproducibility of this sensor. The prepared electrode was
stored at room temperature. In order to investigate the sta-
bility of the sensor, the current response to 50 μMH2O2 was
recorded every 5 days. It was found that the current could
retain 90.5% of its original signal after a month storage,
which showed a long-term stability.

Conclusions

In summary, the PB/graphene nanocomposite film has been
successfully deposited on glassy carbon electrode with an
electrochemical deposition method. The as-prepared PB/
graphene/GCE exhibited a high electrocatalytic activity for
the H2O2 detection, showing a high sensitivity, a low limit
detection, and a wide linear range. The synergetic effect
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between PB and graphene occurred, which combined the
high catalytic nature of PB with the large surface area of
graphene. Therefore, the PB/graphene nanocomposite film
holds the promise for applications in other fields including
bioelectronics devices, electrochromic displays, nonenzy-
matic sensor, biofuel cells, and so on.
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