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a  b  s  t  r  a  c  t

A  nonenzymatic  hydrogen  peroxide  (H2O2) sensor  was  fabricated  using  the  reduced  graphene  oxide
(RGO)  and  ferroferric  oxide  (Fe3O4)  nanocomposites  as  the  sensing  material.  The  nanocomposites  were
synthesized  by  coprecipitation  method  and  characterized  by high-resolution  transmission  electron
microscopy  and  X-ray  diffraction.  Results  showed  that  the  RGO  sheet  was  evenly  decorated  by  the  well-
crystallized  Fe3O4 nanoparticles.  The  nanocomposites  showed  enhanced  catalytic  ability  to  the  reduction
of  hydrogen  peroxide  compared  with  the  RGO,  Fe3O4 nanoparticles  alone  and  the  mixture  materials.  The
eywords:
educed graphene oxide
erroferric  oxide
anocomposite
ydrogen  peroxide sensor
onenzymatic

sensor  has  a quite  wide  linear  range  from  0.1  mM  to 6 mM (R2 =  0.990)  with  less  than  5  s response  time.
Moreover,  its  detection  limit  is 3.2  �M (S/N  =  3).  The  anti-interference  ability,  long-term  stability  and
potential  application  in  real  samples  of  the  sensor  is also  assessed.  This  work  expands  the  application  of
the  graphene-based  nanomaterials  in  the  sensor  areas.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The fast and accurate detection of hydrogen peroxide (H2O2)
as profound applications in pharmaceutical, clinical, food indus-
ry, environmental analysis and other fields. Numerous methods
ave been applied for the detection of H2O2, such as fluorome-
ry [1], chemiluminescence [2], and electrochemical methods [3].
mong these methods, the electrochemical method is most studied
ecause of its simplicity and fast response for analysis. Generally,
he electro-oxidation or electro-reduction of H2O2 on bare gold or
he carbon electrode which are extensively used in the electro-
hemical experiments requires high overpotential, while common
lectroactive species will confuse the measurements. Under this
ircumstance, it is a great interest to fabricate chemically modi-
ed electrodes for the detection of H2O2 with high efficiency and

electivity. Most of these methods are based on the immobilization
f enzymes such as horseradish peroxidase [4], cytochrome c [5]
nd myoglobin [6] on the functionalized electrodes. Although the

∗ Corresponding author. Tel.: +86 512 62872629; fax: +86 512 62603079.
∗∗ Corresponding author at: Department of Physics, University of Science and Tech-
ology of China, Hefei, Anhui 230026, PR China. Tel.: +86 551 3607090;

ax:  +86 551 3606266.
E-mail  addresses: tkong2009@sinano.ac.cn (T. Kong), xpwang@ustc.edu.cn

X.  Wang).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.12.054
enzyme based biosensors can acquire remarkable selectivity, they
usually suffer from the complicated enzyme immobilization pro-
cesses and the instability of the immobilized biomolecules. Thus,
the nonenzymatic sensor for the detection of H2O2 is great appre-
ciated to current researchers.

Magnetic  materials have been attracted more and more con-
cerns in recent years [7,8] because of their potential in biomarker
[9], medical imaging [10,11] and drug delivery [12]. In the biosen-
sor field, Gao et al. [13] reported that ferromagnetic nanoparticles
had intrinsic enzyme mimetic activity similar to that found in com-
mon  peroxidases. Since then, lots of groups explored the catalytic
effect of Fe3O4 nanoparticles to hydrogen peroxide using various
methods, such as spectroscopy [14] and electrochemical method
[15]. However, due to the high specific surface area and large inter-
action of magnetic dipole, magnetic nanoparticles are tended to be
highly aggregated. Moreover, biosensors constructed with Fe3O4
nanoparticles usually shows poor performance with low sensitivity
and narrow linear range [16]. In this regards, proper and effective
surface modification are highly desired to overcome these limita-
tions [17].

Due  to the excellent electrical, mechanical and thermal prop-
erties, graphene is recognized as one of the most promising

materials in research areas [18]. Nowadays, there have been a vari-
ety of researches focused on the electronic structure and quantum
transport of grapheme [19–21]. Furthermore, fabrication of novel
nanocomposites and devices based on graphene or graphene oxide
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GO) are also considered to be another hot spot [22–24]. Seger et al.
sed GO–Pt to build a fuel cell and showed that the graphene, as an
fficient carrier of electrocatalyst, can improve the electrocatalytic
ctivity of the fuel cell [25]. Paek et al. constructed a lithium battery
y SnO2/graphene nanosheet and found that the graphene can act
s an effective conductive channel to enhance the electrochemical
erformances [26].

In  this work, we synthesized reduced graphene oxide/Fe3O4
anocomposite (NCRGO/Fe3O4

) by coprecipitation method. Then, a
on-enzymatic hydrogen peroxide sensor was constructed based
n the mimetic enzyme property of Fe3O4 nanoparticles (NPs) and
GO. Its catalytic properties were investigated in detail. The fab-
icated sensor showed a good integrated performance with wide
inear range, fast response time and low detection limit.

.  Materials and methods

.1.  Reagents and chemicals

Hydrogen  peroxide (30%), ferric chloride hexahydrate and
mmonia solution (25%) were purchased from Sinopharm Chemical
eagent Co., Ltd. Phosphate buffered saline solution (PBS), ferrous
hloride and chitosan were purchased from Shanghai Sangon Bio-
ogical Engineering Technology & Services Co., Ltd. The deionized
DI) water (R ≥ 18.2 M� cm)  used in all experiments was produced
y a Millipore system.

.2.  Synthesis of Fe3O4 NPs and RGO/Fe3O4 nanocomposites

Graphene oxide (GO) was synthesized from graphite powder
ased on modified Hummers method [27]. The GO was then treated
ith NaOH as follows. 10 mg  GO was dispersed in 15 mL  DI assisted

y low power ultrasound. 0.5 mL  of 1 M (mol/L) NaOH was added
nto the clarified GO solution for 60 min. The above solution was
hen dialyzed till it turned to be neutral, followed by dilution to
0 mL.

NCRGO/Fe3O4
was prepared by coprecipitation of Fe2+ and Fe3+ in

he presence of GO in alkaline solution [28]. 15 mL  as-prepared GO
olution was purged with high purity nitrogen (99.999%) for 60 min
n a 50 mL  round-bottom flask. 2.5 mL  iron source solution (contain-
ng 6.0 mg  FeCl3·6H2O and 9.5 mg  FeCl2·4H2O) was added into the
ask with vigorous stir under nitrogen atmosphere for 7 h. Subse-
uently, 1.5 mL  of 1.5 M NH4OH solution was introduced dropwise
o precipitate the iron oxides. Afterwards, the solution was heated
o 65 ◦C and maintained for 2.5 h. The black precipitate acquired in
his step was the nanocomposites of RGO and Fe3O4 NPs. Finally,
he nanocomposites were thoroughly washed with DI water for 3
imes to remove excessive reagents.

Fe3O4 nanoparticles were prepared by the chemical coprecip-
tation method according to the reported literature with slight

odifications [29]. 15 mL  DI water was heated up to 65 ◦C under
itrogen atmosphere, and then 2.5 mL  ion source solution was
dded into the DI water for 5 min  under vigorous stir. During the
bove process, 2 mL  of 1.5 M NH4OH aqueous solution was  added
ropwise. It can be observed that the color of the solution gradu-
lly turned to black due to the formation of Fe3O4 nanoparticles.
fter the reaction, the Fe3O4 nanoparticles were also collected and
ashed for 3 times with DI water.

.3. Modification of the electrochemical electrodes
The working electrode was a gold electrode composed of 200 nm
F sputtered Au film on a silicon wafer (2 mm × 2 mm),  which was
sed in our previous work [30]. 0.3 mL  NCRGO/Fe3O4

solution and
.1 mL  2% (w/w) chitosan acetic acid solution were first thoroughly
(2012) 417– 421

mixed.  2 �L of above mixture was dropped onto the cleaned work-
ing electrode and dried in air for overnight. The electrode was then
washed with PBS to remove the unimmobilized NCRGO/Fe3O4

prior
to use. For comparison, electrodes with only RGO or Fe3O4 nanopar-
ticles and the mixture of RGO and Fe3O4 nanoparticles (MRGO/Fe3O4

)
were also prepared with above similar procedure. The modified
electrodes were stored at room temperature (typically, 25 ◦C) when
not in use.

2.4.  Sensor characterizations and electrochemical measurements

The  morphology and structure of NCRGO/Fe3O4
were char-

acterized  by high-resolution transmission electron microscopy
(HRTEM, JEOL-2010, Japan), scanning electron microscopy (SEM,
JEOL-6700, Japan), and X-ray diffraction (XRD, D/Max-rA with Cu
K� of 1.54056 Å, Japan). Cyclic voltammetric and amperometric
experiments were performed with a CHI 660A electrochemical
workstation (Shanghai Chenhua Instruments Co., China). A conven-
tional three-electrode system was adopted, in which the modified
Au electrode, a platinum wire and a saturated calomel electrode
(SCE) were served as working electrode, counter electrode and
reference electrode, respectively. The cyclic voltammograms (CV)
were recorded in 10 mL  of pH 7.0 PBS at a scan rate of 0.1 V/s.
The amperometric response of the fabricated sensor to H2O2 was
collected in stirring (600 rpm) PBS at −0.3 V versus SCE. The solu-
tions used in all electrochemical experiments were deaerated
with nitrogen for 15 min  before measurements. All electrochemical
experiments were performed at room temperature.

3. Results and discussion

3.1.  Characterizations of Fe3O4 NPs-decorated graphene

The morphology and structure of NCRGO/Fe3O4
were charac-

terized  by TEM, HRTEM and XRD, as shown in Fig. 1. It can be
observed that the RGO sheet was  about several micrometers in
size and the Fe3O4 NPs were well dispersed on the surface of RGO
(Fig. 1A). The diameter of Fe3O4 NPs on RGO was  uniform and in the
range of 35–45 nm,  as shown in Fig. 1B. Furthermore, the HRTEM
image of the Fe3O4 NPs in Fig. 1C illustrates that the NPs are of
single-crystalline structure with no obvious defects. The interpla-
nar spacings are measured to be 0.26 and 0.29 nm, corresponding
to the lattice plane distance values of (3 1 1) and (2 2 0) planes of
face-centered cubic (f.c.c.) Fe3O4, respectively. Fig. 1D shows the
XRD pattern of NCRGO/Fe3O4

on Si substrate. The peak at 2� = 28.4◦

(d = 0.3141 nm)  is assigned as the Si substrate (1 1 1) (JCPDS Card No.
03-0529). All the other peaks are identical with f.c.c. Fe3O4 (JCPDS
Card No. 86-1361). The strong and sharp peaks indicate that the
as-prepared samples were well crystallized, without any impurity
phase.

3.2. Electrocatalytic activity of NCRGO/Fe3O4
electrode

To investigate the electrocatalytic activity of the NCRGO/Fe3O4
modified electrode, cyclic voltammetry (CV) was  employed over a
potential ranging from −0.8 to +0.8 V at a scan rate of 0.1 V/s in
pH 7.0 PBS. Fig. 2 exhibits the CV curves of NCRGO/Fe3O4

modified
electrode  in the absence and presence of H2O2 in 10 mL PBS. For
comparison, the electrochemical behavior of the RGO, Fe3O4 NP and
MRGO/Fe3O4

modified electrodes are shown in Fig. S1 of the Support-
ing Information. It can be seen in Fig. 2 that a pair of well-defined
redox peaks are observed on the NCRGO/Fe3O4

modified electrode.

With addition of H2O2, the CV curve of the NCRGO/Fe3O4

modified
electrode  changes dramatically with an increase of reduction cur-
rent, revealing an obvious electrocatalytic behavior to the reduction
of H2O2. Meanwhile, as the concentration of H2O2 increases, the
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Fig. 1. Low-magnification (A) and high-magnification (B) TEM im

eduction current enhances correspondingly. However, in the cases
f RGO, Fe3O4 NP and MRGO/Fe3O4

modified electrodes, no apparent
edox peaks can be witnessed and higher potentials to reduce H2O2

re also needed. The reduction currents of these electrodes are
lso quite small compared with that of NCRGO/Fe3O4

. These results

ig. 2. Cyclic voltammograms of NCRGO/Fe3O4
modified electrode in the absence and

resence  of different concentrations of H2O2 in 10 mL  pH 7.0 PBS at 0.1 V/s.
 HRTEM (C) and XRD pattern (D) of the as-prepared NCRGO/Fe3O4
.

suggest that the NCRGO/Fe3O4
modified electrode has good electro-

catalytic ability to the electro-reduction of H2O2.

3.3.  Response behavior of the H2O2 sensor

It  is well known that the performance of a sensor is significantly
affected by the applied working voltage. In this work, to determine
an optimal voltage for the fabricated sensor, we first investigated
the relationship between the response current and the applied volt-
age. As illustrated in Fig. S2 of the Supporting Information, the
reduction current increases when the voltage is below −0.3 V and
reaches a plateau till the voltage reaches at −0.6 V. Although the
reduction current increases after −0.6 V, −0.3 V is still chosen for
this work in order to prevent possible interference of electroactive
species at high voltages.

Fig.  3 shows the amperometric response of NCRGO/Fe3O4
mod-

ified electrode at −0.3 V upon successive addition of H2O2. The
current changes and reaches steady state rapidly when H2O2
is added into the PBS. The response time is less than 5 s. The
inset of Fig. 3 shows the calibration curve of the response of the
NCRGO/Fe3O4

modified electrode, it reveals that the electrode has a
wide linear response to H2O2 ranging from 0.1 to 6 mM and a high
sensitivity of 688.0 �A/mM cm2, the linear regression equation is

I(mA) = − 3.4 − 28.1 × CH2O2(mM)  (R2 = 0.990) where I is the cur-
rent and the CH2O2 is the H2O2 concentration. The limit of detection
(LOD) is calculated to be 3.2 �M (signal–noise ratio of 3) according
to previously published method [31].
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Fig. 4. The cyclic voltammograms of different materials modified electrodes in
potassium ferricyanide solution at a scan rate of 50 mV/s.
ig. 3. Amperometric response and calibration curve (inset) of NCRGO/Fe3O4
modified

lectrode  at −0.3 V upon successive additions of H2O2 into 10 mL PBS.

Table 1 summarizes the sensitivity of different materials mod-
fied electrodes. The sensitivity of Fe3O4 NPs modified electrode
s accordant with that of published work [16]. It can be found
rom Table 1 that the sensitivity of NCRGO/Fe3O4

modified elec-
rode is much higher than that of RGO, Fe3O4 NPs or MRGO/Fe3O4

.
e then discuss the mechanism of such enhancement as follows.

e3O4 NPs possess the mimetic enzymatic property of H2O2 catal-
sis. The isoelectric point of Fe3O4 is around 5.9, which makes
t positively charged in the chitosan solution. While the NH4OH
reated RGO is negatively charged. As a result, the electrostatic
nteraction dominates the combination of the RGO and Fe3O4 in
he mixture (MRGO/Fe3O4

). Under the electrostatic interaction, the
ixture is easy to aggregate as observed from Fig. S3 of the Support-

ng Information. However, as for the NCRGO/Fe3O4
synthesized by

oprecipitation method, RGO and Fe3O4 NPs are combined tightly
ith little boundary defects which will facilitate the charge trans-

er between them and result in enhanced electrocatalytic ability to
he reduction of H2O2.

We further performed an electrochemical experiment to ver-
fy the proposed mechanism. Potassium ferricyanide is commonly
sed in the electrochemical experiments to study the surface kinet-

cs of the electrodes. It is reported that the smaller separation
etween peak potentials (�Ep) and larger peak current (Ip) of redox
eaction indicate the larger kinetics on the electrodes [32]. As can
e seen from Fig. 4, the NCRGO/Fe3O4

modified electrode possess the
mallest �Ep and the largest Ip in contrast with the RGO, Fe3O4 NPs
nd MRGO/Fe3O4

modified electrode. This is the further evidence that
GO can promote the electron transfer in NCRGO/Fe3O4

to improve
he sensitivity of the sensor.

.4.  Anti-interference performance, reproducibility and stability
f  the H2O2 sensor

The anti-interference ability is one of the most important ana-

ytical factors for a sensor. In this work, 0.1% fetal bovine serum
FBS), 2 mM of glucose (Glu), lactic acid (LA), ascorbic acid (AA),
rea and 0.15 mM  H2O2 were added into the PBS to investigate
he anti-interference ability of the sensor. As seen from Fig. 5A,

able 1
omparison of the sensitivity of different materials modified electrodes to the
lectro-reduction of H2O2.

Electrode materials RGO Fe3O4 NP MRGO/Fe3O4
NCRGO/Fe3O4

Sensitivity (�A/mM cm2) 15.8 30.4 65.6 688

Fig. 5. Amperometric response to serum, glucose, urea, lactic acid, ascorbic acid
and H2O2 of NCRGO/Fe3O4

modified electrode at −0.3 V in 10 mL PBS (A). Long-term
stability of the constructed sensor (B).
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Table 2
H2O2 level in real serum samples.

Sample H2O2 added (mM)  H2O2 measured (mM)  Recovery (%)

1 0.1 0.105 ± 0.002 105.0
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2 0.2  0.204 ± 0.01 102.0
3 0.3  0.317 ± 0.009 105.7

o obvious current changes after addition of serum, Glu and urea.
owever, 4.3% and 4.0% current increment can be observed when
A and AA are added, respectively. The effect of various inor-
anic salts including NaCl, KCl, CaCl2, MgCl2 and Zn(NO3)2 to
he response of the sensor was studied as well, and the results
re shown in Fig. S4. Only 4.1% current changes after addition
f 2 mM Zn(NO3)2. Considering the concentration of interference
pecies is much higher than that of H2O2, we conclude that the
bove species cause negligible effect for the H2O2 sensing and the
CRGO/Fe3O4

modified electrode has a quite good anti-interference
erformance.

The  reproducibility and long-term stability of the NCRGO/Fe3O4
odified electrode are also evaluated. The relative standard devi-

tion (R.S.D.) is 1.64% for three successive measurements. Four
ensors fabricated independently give a R.S.D. of around 2.0%
Fig. S5). The long-term stability of the constructed sensor was
xamined by recording the current response to 0.5 mM H2O2 once a
ay. It was found that NCRGO/Fe3O4

modified electrode could retain
2% of initial response in one week as shown in Fig. 5B. All these
ata implies that the NCRGO/Fe3O4

modified electrodes possess good
eproducibility and stability.

.5. Detection of H2O2 in real sample

Real serum samples were utilized to demonstrate the practical
sage of the fabricated H2O2 sensor. A series of serum sam-
le containing H2O2 were tested and the results were listed in
able 2. As can be seen, the measured H2O2 concentrations are
lose to that of stoichiometrically added. This result suggests
he suitability of the constructed H2O2 sensor in the matrix of
erum.

. Conclusions

In summary, a non-enzymatic hydrogen peroxide sensor based
n the nanocomposite of reduced graphene oxide (RGO) and
e3O4 NPs was developed. The modified electrode exhibited
xcellent catalytic activity to hydrogen peroxide. The biosensor
isplays rapid response, large linear range, low limit of detec-

ion, outstanding anti-interference ability and good reproducibility.
ur results suggest that the RGO/Fe3O4 nanocomposite can be

erved as promising sensing elements in the construction of H2O2
ensors.
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