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a b s t r a c t

A new electrocatalyst, MnO2/graphene oxide hybrid nanostructure was successfully synthesized for the
nonenzymatic detection of H2O2. The morphological characterization was examined by scanning electron
microscopy and transmission electron microscopy. The MnO2/graphene oxide based electrodes showed
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high electrochemical activity for the detection of H2O2 in alkaline medium. The nonenzymatic biosensors
displayed good performance along with low working potential, high sensitivity, low detection limit, and
long-term stability, which could be attributed to the high surface area of graphene oxide providing for the
deposition of MnO2 nanoparticles. These results demonstrate that this new nanocomposite with the high
surface area and electrocatalytic activity offers great promise for new class of nanostructured electrode

sor an
onenzymatic
ydrogen peroxide sensor

for nonenzymatic biosen

. Introduction

Since reliable and fast determination of H2O2 is important in
any areas such as medicine, food control, environmental protec-

ion, and a key factor in the development of efficient biosensors, the
tudy of electrochemical H2O2 sensor has attracted extensive atten-
ion [1,2]. Horseradish peroxidase, cytochrome C, hemoglobin, and

yoglobin have been widely used to construct various ampero-
etric biosensors for H2O2 detection due to their high sensitivity

nd selectivity [3–8]. However, there are several disadvantages of
he enzyme-modified electrodes, such as instability, high cost of
nzymes and complicated immobilization procedure. The activ-
ty of enzymes can be easily affected by temperature, pH value,
nd toxic chemicals. In order to solve these problems, consider-
ble attention has been paid to develop nonenzymatic electrodes,
or instance, noble metals, metal alloys, and metal nanoparticles
9–11]. However, these kinds of electrodes have displayed the
rawbacks of low sensitivity, poor selectivity and high cost. There-
ore, the development of a cheap and highly sensitive catalyst for
onenzymatic H2O2 detection is still greatly demanded.

Recently graphene has attracted tremendous attention because

f its unique electronic, optical and chemical properties and
any potential applications in nanomaterials and nanotechnol-

gy [12–14]. Graphene oxide (GO), one of the most important
erivatives of graphene, with two-dimensional plane and oxygen
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functional groups bearing on the basal planes and edges, provide
it with a large specific surface area for the immobilization of large
amount of substances including a wide range of metals, nanoparti-
cles, biomolecules, drugs, etc. [15–17]. It has been reported that
carboxyl-modified GO possess intrinsic peroxidase-like activity
that can catalyze the reaction of peroxidase substrate [18].

Manganese dioxide (MnO2) is a kind of attractive inorganic
material and can catalyze the electrocatalytic ability towards H2O2
[19,20]. Several kinds of MnO2 nanomaterials have been utilized in
the fabrication of biosensors based on measuring H2O2 [21–23].

In this paper, we prepared GO/MnO2 nanocomposite for nonen-
zymatic H2O2 biosensor. To the best of our knowledge, there are
rare reports on the application of GO/MnO2 in the electrochemical
biosensor. The GO/MnO2 electrode presents high sensitivity, low
potential and long-term stability towards the detection of H2O2,
which is promising for the development of nonenzymatic H2O2
sensor.

2. Experimental section

2.1. Reagents and apparatus

H2O2 solution (30%) was purchased from Changsha Chemical
Reagent Factory (Changsha, China). All chemicals used were of ana-

lytical grade.

GO was prepared from powdered flake graphite by a modified
Hummers method [24]. 50 mg of GO and certain amount of KMnO4
(0.05 M) aqueous solution were dispersed in 50 mL of deionized
water with ultrasonication for 1 h. Subsequently, the slurry was

dx.doi.org/10.1016/j.talanta.2010.07.020
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F mage of gaphene oxide/MnO2, the inset is the corresponding high-resolution TEM image
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ig. 1. SEM images of bare graphene oxide (A) and gaphene oxide/MnO2 (B). TEM i
C). EDS spectrum of the gaphene oxide/MnO2 nanocomposite (D).

eated to about 160 ◦C in a water cooled condenser with vigorous
tirring, and 3 mL of citric acid (0.1 M) was added dropwise into the
bove boiling solution. After refluxing for 12 h, the solution was
ooled down to room temperature. Finally, the composite products
ere obtained through filtering, water washing and drying process.

The scanning electron microscopic (SEM) image was carried
ut by Hitachi 4800 (Hitachi, Japan). The transmission electron
icroscopic (TEM) image was performed on JEM 2010 high-

esolution transmission electron microscopy. Surface elemental
omposition of the synthesized samples was characterized by
n energy-dispersive X-ray spectrometer (EDS). Electrochemical
xperiments were performed at room temperature on a CHI 660B
lectrochemical station (CHI Instruments Inc., USA) with a con-
entional three-electrode system. The composite modified glassy
arbon (GC) electrode was used as the working electrode. The Pt
ire and saturated calomel electrode acted as the counter and ref-

rence electrodes. The solutions were purged with highly purified
itrogen gas for at least 30 min prior to the electrochemical exper-

ments.

.2. Electrode modification

Prior to the electrode modification, the GC electrodes were pol-
shed with 1.0, 0.3, and 0.05 �m alumina powder, respectively, and
hen sonicated in ethanol and water, each for 2 min. The modified
lectrodes were prepared by a simple casting method. Typically,
�L of the composite solution (1 mg/mL, ethanol) was cast onto

he GC electrode and then dried in air at room temperature.

. Results and discussion
.1. Characterization of the synthesized GO and GO/MnO2
omposite

The morphology of the prepared GO and GO/MnO2 are depicted
n Fig. 1A and B. It is observed that the surface of GO/MnO2 becomes
Fig. 2. CVs of gaphene oxide/MnO2 electrode in the absence (a) and presence of
10 �M (b) and 20 �M (c) H2O2 in 0.1 M NaOH solution at the scan rate of 100 mV s−1.
Inset: bare graphene oxide in the absence (solid line) and presence (dash line) of
100 �M H2O2 under the same situation.

rough in compared with bare GO sheets. More detailed struc-
ture was performed by TEM, as shown in Fig. 1C. Some of MnO2
nanoparticles were floc and uniformed covered on the surface of
GO sheets. And some crystalline MnO2 nanoparticles were found
from high-resolution TEM images, as depicted in the inset of Fig. 1C.
EDS measurements further reveal that the sample contains the
elements of manganese and oxygen. The peak of silicon in the
spectrum was from the substrate, as shown in Fig. 1D. This result
confirmed that MnO2 has been coated on the GO sheets.
3.2. Electrochemical properties of the GO/MnO2 composite film
modified GC electrode

Fig. 2 shows the cyclic voltammograms (CVs) of the GO/MnO2
electrode in the absence (a) and presence of 10 �M (b) and 20 �M
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Fig. 3. CVs of the gaphene oxide/MnO electrode at different scan rates
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The possible interference of foreign matters, which might exist
2

10–100 mV s−1) in 0.1 M NaOH solution (a) and peak current as a function of differ-
nt scan rate (b).

c) H2O2 in 0.1 M NaOH solution. In the absence of H2O2, obvious
eaks are observed at the electrode, which can be assigned to the
xidation of Mn(II) to MnO2, and then the reduction of MnO2 to
n(II) species. When H2O2 was added into the solution, the voltam-
etric behavior of the modified electrode changed dramatically.

oth the oxidation and reduction currents increased with the con-
entration of H2O2. MnO2 is chemically reduced to bivalent species
y H2O2 (Eq. (1)), and then Mn(II) is oxidized to Mn(IV) (Eq. (2)):

nO2 + H2O2 → Mn(OH)2 + O2 (1)

n(OH)2 + 2OH− → MnO2 + H2O2 + 2e− (2)

The inset is the CVs of the bare GO sheets modified electrode in
he absence (solid line) and presence of 100 �M H2O2 (dash line)
n the solution. No obvious current for the oxidation of H2O2 was
bserved. These results indicated that the modification of MnO2 on
he surface of GO sheets significantly improved the electrocatalytic
ctivity towards the reduction of H2O2.

The CVs of GO/MnO2 modified GC electrode at various scan rates
re shown in Fig. 3(a). It is found that both the cathodic and anodic
eak currents increase with the scan rate and enhancements of

oth currents are linear to the square root of scan rate as shown in
ig. 3(b). The facts indicated that the electrochemical kinetics was
reversible and diffusion-confined electrochemical process.
Fig. 4. (a) Amperometric response of the gaphene oxide/MnO2 electrode upon addi-
tion of H2O2 at −0.3 V. (b) The corresponding calibration curve between the current
response and concentration of H2O2.

3.3. Amperometric response of the GO/MnO2 electrode to H2O2

Fig. 4(a) shows typical amperometric response of the GO/MnO2
electrode to subsequent addition of H2O2 in alkaline solution at
−0.3 V. It is observed that the GO/MnO2 electrode responds quickly
to the change of H2O2 concentration and reaches a steady-state
signal within 5 s at higher concentration. The corresponding cal-
ibration curve for the H2O2 sensor is shown in Fig. 4(b). The
sensor displays a linear range of 5–600 �M with a sensitivity of
38.2 �A mM−1 cm−2 (r = 0.995), and a detection limit of 0.8 �M (sig-
nal/noise = 3). Various H2O2 sensors have been listed in Table 1
with respect to the detection limit, sensitivity, and linear range.
It can be observed that the performance of the sensor is better
than the enzyme biosensors or nonenzymatic H2O2 sensor using
MnO2 nanorods as electrode in the literature in one or more cate-
gories. This may be related to the higher specific surface area of the
deposited MnO2 nanoparticles over the bulk ones. The high surface
area of GO sheets provided large amount of anchoring sites for the
deposition of MnO2 during the synthesis of the GO/MnO2 compos-
ite and prevented the aggregation of the nanosized particles.

3.4. Real sample analysis
in real samples, was investigated with the amperometric determi-
nation of H2O2. The interference experiments were performed in
0.1 M NaOH by comparing the response currents of 0.5 mM inter-
ference and 0.1 mM H2O2. The results obtained are listed in Table 2.
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Table 1
Comparison of the performance of various H2O2 sensors.

Electrode Detection limit Sensitivity Linear range Reference

Myoglobin/silver nanoparticles 1 �M 20.5 �A mM−1 3–700 �M [27]
HRP/room temperature ionic liquid 0.1 �M 32 �A mM−1 cm−2 0.61–132 �M [28]
Hemoglobin/kieselgubr 2.1 �M 5–300 �M [29]
Hemoglobin/poly (�-caprolactone) 6.07 �M 2–30 �M [26]
Cytochrome c/macroporous active carbon 14.6 �M 20–240 �M [6]
MnO2 nanorods 5 ± 2.5 �M [25]
GO/MnO2 0.8 �M 38.2 �A mM−1 cm−2 5–600 �M This work

Table 2
Interference of external matters to response of the electrode to 0.1 mM H2O2 in 0.1 M
NaOH.

Interference Response change (%)a R.S.D. (n = 6) (%)

SO4
− 9 3.1

Cl− 8.6 2.5
NO3

− −2.8 2.8
CO3

2− 6.3 3.3
Glucose 13.5 2.7
Cu2+ 11 3.5
Fe3+ 14 2.9
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Citric acid 7.4 3.6

O4
−, Cl−, NO3

−, CO3
2−, citric acid did not cause significant interfer-

nce, indicating that these species did not affect the determination
f H2O2. The glucose, Fe3+ and Cu2+ were the main interference for
he determination of H2O2, which were probably owing to the cat-
lytic ability of MnO2 toward glucose and the ability of Fe3+ and
u2+ to the electrocatalytic reduction of H2O2.

In order to verify the applicability of the proposed biosensor for
eal sample analysis, the application of the biosensor was also eval-
ated by the determination of H2O2 in real samples. In comparison
ith the classical potassium permanganate titration method, the

esults determined by the H2O2 sensor were in satisfactory agree-
ent (Table 3). These results proved that the sensors had potential

pplications in the determination of H2O2 in real samples.

.5. Reproducibility and stability

The reproducibility and stability of the GO/MnO2 modified GC
lectrodes were performed by measuring the current response of
he electrode upon 50 �M of H2O2 in 0.1 M NaOH. The average rela-
ive standard deviation (RSD) was not more than 4.5%. In a series of
0 sensors prepared in the same way, a RSD of 3.8% was obtained,

ndicating the reliability of this method. The prepared electrode
as stored in air at ambient conditions. In order to understand the

tability of the sensor, the current response to 50 �M of H2O2 was
ecorded each 4 days. As shown in Fig. 5, it was found that the cur-
ent could retain 90% of its original signal after 4 weeks storage,

hich showed long-term stability.

able 3
esults of H2O2 analysis in real samples determined by the proposed biosensor and
he classical titration method.

Samples (%) (m/v) by biosensora (%) (m/v) by titrationa

1 16.4 16.85
2 27.2 26.74
3 48.74 48.26
4 75.31 76.28

a The values were obtained by averaging the values from five successive determi-
ation.

[
[

[
[

[

[

Fig. 5. Long-term stability of the gaphene oxide/MnO2 electrode with the addition
of 50 �M H2O2 in 0.1 M NaOH solution. Applied potential: −0.3 V.

4. Conclusion

In summary, a nonenzymatic biosensor based on GO/MnO2 was
fabricated by in situ deposition of MnO2 on the surface of GO sheets.
The electrode exhibited a high electrocatalytic activity for the H2O2
detection. A low detection limit, a high sensitivity of and a wide
linear range were obtained. Therefore, the catalytic nature of MnO2
towards H2O2, combined with the high surface area of GO make
GO/MnO2 hold the promise for the development of nonenzymatic
sensor at low cost.
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