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a b s t r a c t

The major drawback of currently used MnO2 film sensor is the loss of electrical conductivity due to the
formation of a poorly conductive MnO2 layer. To overcome this problem, a coating in which the Au is
alloyed with MnO2 has been developed. The fabrication of the codeposited film electrode of Au and MnO2

by using a cyclic voltammetric (CV) method was described, and systematic physical and electrochemical
eywords:
lectrocatalysis
omposite
nzyme-free sensor
lectrodeposition

characterization was performed. This MnO2/Au film electrode enhanced MnO2 electrocatalytic activity.
The oxidation process of glucose at the codeposited MnO2/Au shows a well-defined peak at 0.27 V in
alkaline aqueous solution. In contrast, the glucose oxidation at Au modified glassy carbon electrode
(GCE) just shows a shoulder wave at 0.42 V. The experimental results indicate that the modification of
MnO2 on the surface of GCE significantly improved the electrocatalytic activity towards the oxidation of
glucose. Further study shows that the MnO2/Au could also effectively catalyze the oxidation of hydrogen

hate
lucose peroxide in pH 7.0 phosp

. Introduction

The electrocatalytic oxidation of glucose has been a focal sub-
ect of many investigations, because of the great importance of
lucose sensing in human blood and their potential use for fuel
ell applications [1–5]. Glucose oxidase as enzymatic catalyst has
een widely used for glucose biosensor fabrication [6–11]. Good
electivity and high sensitivity have been achieved for glucose
etection by enzymatic glucose sensors. However, owing to the
ature of enzymes, the most common and serious problem with
nzymatic glucose sensors lies in their lack of long-term stability.
or instance, the activity of GODx can be easily affected by tem-
erature, pH value, humidity, and toxic chemicals [12–14]. Direct
lectrocatalytic oxidation of glucose at an enzyme-free electrode
ould exhibit conveniences and advantages to avoid the draw-

acks of the enzyme electrode. Early researches have focused on
he use of noble metal-based (containing Pt [15–17] and Au [18]),

nd alloys-based (containing Pt, Ru, Pb, Au, and Cu [19–25]) elec-
rodes for developing enzyme-free sensors. Various attempts have
een made during recent years and modified electrodes made from
arbon nanotubes [26], CuO nanowire [27], CuO nanospheres [28]

∗ Corresponding author at: College of Chemistry & Molecular Sciences, Wuhan
niversity, Wuhan 430072, China.
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buffer solution (PBS).
© 2010 Elsevier Ltd. All rights reserved.

and metallophthalocyanines [29–32] were widely used. It was also
reported that MnO2 with various crystalline structures are promis-
ing electrode materials for electrocatalytical oxidation of glucose
[33,34].

Hydrogen peroxide is an intermediate or a product in biochem-
ical reactions catalyzed by oxidase. Thus, the monitoring of H2O2
with a reliable, rapid and economic method is of great significance
[35]. The catalytic effect of MnO2 towards the oxidation of H2O2
was also reported [36–38].

In this article, a new type of catalyst, MnO2/Au, with enhanced
sensing properties of glucose and hydrogen peroxide by taking
advantages of MnO2 [33,34] and Au [18], was prepared by a CV
deposition process. This MnO2/Au film exhibited excellent electro-
catalytic activity. It is highly tolerant to chloride ions and generates
more stable, reproducible and larger current responses compared
with other enzyme-free electrodes. Additionally, electro-oxidation
of glucose on such MnO2/Au surfaces took place at remarkably
more negative potentials and, thus, interference could be effec-
tively avoided by detecting glucose at a low potential.

2. Experimental
All chemical reagents used in this experiment were of analytical
grade. All solutions were prepared with doubly distilled water. Thin
film of MnO2/Au film was codeposited on GCE by cycling in 2 mM
HAuCl4, 10 mM KMnO4 and 0.04 M H2SO4 aqueous solution from

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:sshu@whu.edu.cn
mailto:cghu@whu.edu.cn
mailto:yangyujun418@gmail.com
dx.doi.org/10.1016/j.electacta.2010.01.095


3472 Y.J. Yang, S. Hu / Electrochimica Acta 55 (2010) 3471–3476

), MnO

0
G
s
c
6
s

p
u
u
M
w
p
C

3

t
c
2
o
o
l
c
d

a

reducing Mn7+ to Mn4+ depends on electrode potential, pH, concen-
tration of MnO4

− and other species in the solutions [40]. In acidic
aqueous solutions the following reaction can result in the reduction
Fig. 1. Scanning electron micrographs of gold (a

.3 V to −0.5 V at the scan rate of 2 mV s−1 for 2 cycles. Au modified
CE (Au/GCE) was prepared by CV in 2 mM HAuCl4, 0.04 M H2SO4
olution (from 0.3 V to −0.5 V at the scan rate of 2 mV s−1) for 2
ycles. MnO2 modified GCE (MnO2/GCE) was prepared by CV in
mM KMnO4, 0.04 M H2SO4 solution (from 0.3 V to −0.5 V at the

can rate of 2 mV s−1) for 2 cycles.
A three-electrode electrolytic cell was employed for electrode-

osition and electrochemical tests. A GCE (5 mm diameter) was
sed as the cathode. A platinum wire was used as an anode. The sat-
rated calomel electrode (SCE) was used as a reference electrode.
orphology study of the films on the GCE surface was carried out
ith a Quanta 200 scanning electron microscope (SEM; FEI Com-
any, Holland). The electrochemical tests were carried out with a
HI 830 potentiostat (Chen Hua Company, China).

. Results and discussion

Fig. 1 shows the SEM micrographs of the Au, MnO2 and MnO2/Au
hin films electrodeposited on GCE. The pure Au sample (Fig. 1a)
onsists of nanoparticles with the average diameter of about
00 nm. The pure MnO2 sample (Fig. 1b) shows a surface morphol-
gy resembling that of the GC substrate, indicating the presence
f a continuous MnO2 film on top of the substrate rather than iso-

ated particles. Fig. 1c corresponding to the codeposited MnO2/Au
atalyst indicates the presence of MnO2/Au microspheres with the
iameter ranging between 200 nm and 1.2 �m.

The deposition mechanism can be attributed to the diffusion
nd cathodic reduction of anionic MnO4

− species. The reduction
2 (b) and MnO2/Au (c) electrodeposited on GCE.

of MnO4
− species and precipitation of manganese dioxide are in

agreement with the Pourbaix diagram for Mn [39]. However, only
limited information is available in literature related to the com-
plex chemistry of the reduction of MnO4

−. The kinetic pathway of
Fig. 2. XRD pattern of the MnO2 film electrodeposited on GCE.
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ig. 3. The CV behaviors of the MnO2/Au modified GCE in the absence (a) and pres-
nce (b) of 10 mM glucose in 0.10 M NaOH solution at 100 mV s−1, scan range: −0.5 V
o 0.7 V, initial potential: −0.5 V.

f MnO4
− species:

nO4
− + 4H+ + 3e− → MnO2 + 2H2O (1)

ig. 2 shows a typical XRD pattern of the as-synthesized pure MnO2
ample. All the reflection peaks can be readily indexed to pure
ody-centered tetragonal �-MnO2 phase, with lattice constants of
= 9.816 Å, c = 2.857 Å; which are in agreement with the standard
alues (JCPDS 44-0141, a = 9.784 Å, c = 2.863 Å). No other phase was
etected in the final products.

The electrocatalytic performance of the MnO2/Au towards the
xidation of glucose was investigated by CV. Fig. 3 shows the CV

ehaviors of the MnO2/Au in the absence (a) and presence (b) of
0 mM glucose in 0.10 M NaOH solution. CV of the MnO2/Au mod-

fied GCE in 0.1 M NaOH aqueous solution showed two pairs of
edox peaks (curve a). The thin MnO2 electrodeposited on gold
as been studied [41,42] using X-ray photoelectron spectroscopy

ig. 5. (a) CVs of MnO2/Au modified GCE in 0.10 M NaOH solution containing 0.1, 0.2, 0.
odified GCE in 0.10 M NaOH solution containing 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and

oncentration of glucose.
Fig. 4. The CV behaviors of the bare GCE (curve a), MnO2 modified GCE (curve b),
gold modified GCE (curve c) and MnO2/Au modified GCE (curve d) in 10 mM glucose,
0.1 M NaOH solution at 100 mV s−1, scan range: −0.5 V to 0.7 V, initial potential:
−0.5 V.

(XPS), Raman spectroscopy (RS) and electrochemically modulated
infrared spectroscopy (EMIRS). Their experimental results indicate
that, in borate solutions at pH 9.2, during the MnO2 reduction,
MnO2 is reduced to Mn(III)OOH while in the reversal positive scan,
Mn(III)OOH was oxidized to MnO2:

MnO2 + H2O + e = MnOOH + OH− (2)

MnOOH + OH− − e = MnO2 + H2O (3)

Without the addition of glucose, there is a pair of redox peaks
for the MnO2/Au modified electrode in alkaline solution (Fig. 3a). In

the negative scan, MnO2 was reduced to MnOOH, which was subse-
quently oxidized to MnO2 in reversal scan. Two anodic peaks (peak
Ia and IIa) can be assigned to the oxidation of MnOOH to Mn(IV), and
gold to gold oxide, respectively. Two cathodic peaks (peaks Ic and
IIc) can be taken to represent the generation of MnOOH from Mn(IV)

3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 mM glucose at 100 mV s−1; (b) CVs of MnO2/Au
10.0 mM glucose at 100 mV s−1; (c) the plot of the oxidation peak current with the
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The effects of scan rate and number of scan cycles during the

CV deposition process on the catalytic oxidation of glucose were
also investigated. As shown in Fig. 6a, the oxidation peak shifted
positively as the scan rate is increased from 1 to 2 and 4 mV s−1
ig. 6. CVs of MnO2/Au modified GCEs in 0.10 M NaOH, 0.10 M KCl solution contai
eposition bath containing 2 mM HAuCl4, 10 mM KMnO4 and 0.04 M H2SO4, scan r
nd 4 cycles, respectively and (b) at 2 mV s−1 for 1, 2, and 3 cycles.

43], and gold oxide to gold, respectively [18]. In the presence of
lucose, two strong anodic peaks (peak IIIa and IVa) were observed
t 0.271 V and 0.076 V (curve b) during the anodic scan and the
everse cathodic scan, respectively while the peak current of peak
Ia increased significantly with the addition of glucose. The peak IIIa
t 0.271 V presents the oxidation process of glucose. Above a poten-
ial of +0.3 V, the decrease of current occurs due to the formation of
old oxide, which competes for surface adsorption sites with glu-
ose, also inhibiting the direct electro-oxidation of glucose. In the
everse cathodic scan, with the reduction of the surface gold oxide,
nough surface active sites are available for the direct oxidation of
lucose, resulting in large peak at around 0.076 V.

The electrocatalytic performance of the bare GCE, Au/GCE,
nO2/GCE and MnO2/Au modified GCE (MnO2/Au/GCE) towards

he oxidation of glucose was investigated by CV. Fig. 4 illus-
rates the CV behaviors of the bare GCE, MnO2/GCE, Au/GCE, and

nO2/Au/GCE in 0.10 M NaOH solution containing 10 mM glucose.
o current response is observed at the bare GCE (cure a). Because of

he loss of electrical conductivity due to the formation of a poorly
onductive MnO2 layer, it is not a surprise to find out that no
eak occurs on MnO2/GCE (curve b). A barely observable anodic
eak is obtained at 0.42 V during the anodic scan at the Au/GCE
curve c). In the case of the MnO2/Au/GCE, three strong anodic
eaks are observed at 0.271 V, 0.076 V and 0.45 V (curve d). Like
nO2/Au/GCE electrode, there is an anodic peak at ∼0.2 V during

he cathodic scan for Au/GCE electrode too (curve c). The anodic
eak at 0.16 V for Au/GCE electrode is also due to the oxidation of
lucose [44].

The CVs of the MnO2/Au electrode in different concentrations of
lucose were also measured. Fig. 5a and b shows the standard addi-
ions of 100 �M and 1 mM of glucose, respectively, and after each
ddition the voltammetric response was recorded. These results
learly indicate that, as the concentration of glucose increased, the
eak currents of three anodic peaks at 0.271 V, 0.076 V and 0.45 V
lso increased. The variation of the peak current at 0.271 V vs. glu-
ose concentration is linear in the glucose concentration range of
00 �M to 20 mM with a sensitivity and correlation coefficient of
8.9 �A mM−1 and 0.9988, respectively. This linear concentration
ange of 0.1–20 mM is of advantage as the likely glucose level in
ormal and diabetic person usually varies from 0.2 to 20 mM [45].
he anodic peak at 0.076 V is assigned to the oxidation of glucose.
hus, it is not surprising to find out that the peak current at 0.076 V
s also linear with the glucose concentration. The fabrication repro-
ucibility of six biosensors, prepared under the same conditions,

howed an acceptable reproducibility with a R.S.D. of 3.2% for the
eak current obtained in the glucose concentration of 1.0 mM. The
esults indicate that the MnO2/Au electrode has a good operational
tability. The activity of the electrode retained almost its initial
.0 mM glucose at 100 mV s−1. The MnO2/Au modified GCEs were prepared in 5 mL
0.3 V to −0.5 V, initial potential: 0.3 V, (a) at scan rate of 1, 2, and 4 mV s−1 for 1, 2,

current response after it was stored at room temperature for 30
days, indicating the excellent stability of the sensor. These results
demonstrate that the MnO2/Au electrode is very efficient for the
determination of glucose.

As shown in Fig. 4, MnO2 in the MnO2/Au plays a crucial role for
the oxidation of glucose. The catalytic effect of MnO2 towards the
oxidation of glucose is probably due to a parallel catalytic reaction.
As soon as MnO2 is reduced to lower valence states by glucose,
it is electro-oxidized back to MnO2 at the electrode surface. The
catalytic mechanism of gold towards the oxidation of glucose in
alkaline solution may be described as following [18]:

Au + OH− = AuOH + e (4)

AuOH + CHO(CHOH)4CH2OH
OH−
−→COOH(CHOH)4CH2OH

+Au + H2O + e (5)

Therefore, MnO2 and gold act not only as the electron mediate but
as catalyst as well [33]. Studies on the SEM of MnO2/Au/GCE (Fig. 1c)
and Au (Fig. 1b) further confirm our assumption that the improve-
ment in catalytic activity is attributed to catalytic effects of MnO2
and gold rather than any physical effects (such as increase in surface
Fig. 7. (a) CVs of MnO2/Au modified GCE in 0.10 M NaOH, 0.10 M KCl solution con-
taining 6.0 mM glucose at 100 mV s−1 and (b) CVs of MnO2/Au modified GCE in
0.10 M NaOH solution containing 6.0 mM glucose at 100 mV s−1.
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ig. 8. (a) CVs of H2O2 on MnO2/Au/GCE in PBS (pH 7.0) in the absence (curve a) and
f MnO2/Au/GCE to successive addition of H2O2 at pH 7.0. Inject 20 �L 5 × 10−2 M H
2O2 is 10 �M per addition. Applied potential: 0.70 V; (c) calibration curve of H2O2

.70 V.

hile the highest peak current is obtained at 2 mV s−1. At 2 mV s−1,
he oxidation current is increased significantly with increasing the
umber of scan cycles from 2 to 3 cycles (Fig. 6b). However the
btained film will be too thick and easy to crack when the GCE was
canned for 3 cycles in the plating bath. Thus, the number of scan
dopted in this experiment is 2 cycles.

To evaluate the selectivity of the proposed biosensor, three pos-
ible interfering biomolecules, ascorbic acid (AA), dopamine (DA),
nd uric acid (UA), which normally coexist with glucose in real
amples (human blood) were examined [46]. Considering that the
oncentration of glucose in the human blood is about 30 times of AA,
A or UA, the voltammetric response of the MnO2/Au towards the
ddition of 1 mM glucose and 0.1 mM AA, DA, and UA was examined
n 0.10 M NaOH solution and the iglucose+interferent/iglucose is 103%,
9% and 98%, respectively. To sum up, the selectivity was improved
o much on this enzyme-free biosensor that the three common
nterfering biomolecules, AA, DA, and UA caused negligible inter-
erence to the response of glucose at the MnO2/Au electrode.

Electrodes based on metals [15,17] or alloys [18,24] towards the
xidation of glucose usually lose their activity due to the poisoning
f chloride ions [19]. In order to understand whether chloride ions
ill poison the MnO2/Au electrode, the CV was measured in the

olution with high concentration of chloride ions (i.e., replacing
.10 M NaOH with 0.10 M KCl + 0.10 M NaOH as the electrolyte).
he current response of MnO2/Au/GCE towards glucose oxidation
emains almost unchanged (Fig. 7), implying that the MnO2/Au/GCE
s also highly resistant to poisoning by chloride ions and can be used
s a glucose sensor even in the presence of high concentration of
hloride ions.

Fig. 8a shows the CVs for hydrogen peroxide with the prepared

nO2/Au modified GCE. In the absence of hydrogen peroxide, there

s a pair of very broad but barely observable waves between 0.2 V
nd 0.8 V (curve a) in PBS solution. It may be assigned to the reduc-
ion of MnO2 to Mn(II,III) and the reoxidation of Mn(II,III) back to

nO2 [36]. In the presence of H2O2, the CV displays a very signifi-
nce of 10 mM H2O2 (curve b). Scan rate: 100 mV s−1; (b) dynamic current responses
olution into 10 mL PBS (pH 7.0) with a microsyringe. The concentration change of
ometric biosensor based on MnO2/Au/GCE in PBS buffer (pH 7.0). Applied potential

cant oxidative current at potentials between 0.5 V and 1.0 V (curve
b). The current for the oxidation of Mn(II,III) to MnO2 significantly
increases with increasing H2O2 concentration. The characteristic
shape of the CV in this potential region indicates that the signal
is probably due to a parallel catalytic reaction. As soon as MnO2
is reduced to lower states by H2O2, it is electro-oxidized back to
MnO2 at the electrode surface [36]:

MnO2 + H2O2 → MnO (or Mn2O3) + O2 + H2O (6)

MnO (or Mn2O3) → MnO2 + 2e (7)

Since the above two reactions are fast, the parallel current is much
higher than the oxidation current of MnO2 on the electrode sur-
face without H2O2. Effect of applied potential on the amperometric
response of 10 �M H2O2 in phosphate buffer solution was studied.
Although at 0.80 V the signal is highest, we choose 0.70 V as the
operating potential because above 0.70 V there is increased noise,
which is a disadvantage for measuring low H2O2 concentrations.
The relationship between the oxidation current and the concentra-
tion of H2O2 was examined in a PBS solution (pH 7.0). The solution
was stirred to ensure uniform distribution of H2O2 in the cell. Fig. 8b
displays the amperometric response for the H2O2. When the same
amount of H2O2 was injected into the cell, the concentration change
of H2O2 in the cell is 10 �M per addition and the current was
recorded instantly. Calibration curves for H2O2 measurement are
also presented in Fig. 8c. The current is linear for concentrations of
H2O2 from 5 × 10−6 to 1 × 10−2 M. The upper limit of linearity range
(10−2 M) was attained by examining the relationship between the

oxidation current and the concentration of H2O2 after injecting
same amount of H2O2 (concentration change: 5 × 10−4 M/addition)
into the cell. The sensitivity of the sensor to H2O2 was calculated
to be 1.49 × 104 �A M−1. The detection limit was estimated to be
1 × 10−6 M (signal/noise = 3).
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. Conclusion

In this work we have been able to synthesize MnO2/Au on the
urface of GCE via a simple CV codeposition method. The size and
orphology of the sample was investigated through the use of FE-

EM showing the sample to consist of MnO2/Au nanoclusters. These
nO2/Au modified GCEs can be used in the catalytic oxidation of

lucose and hydrogen peroxide. This novel MnO2/Au composite
lm is a potential candidate for application in terms of fuel cells
nd enzyme-free sensors.
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