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Abstract

A novel amperometric sensor for the determination of hydrogen peroxide was prepared based on the enhanced oxidation of
H2O2 at a glassy carbon electrode modified with colloidal MnO2–Na-montmorillonite (nano-MnO2/Na-Mont/GCE). The
montmorillonite has been devised to support and dispense the MnO2 nanoparticles. Scanning electron microscopy images (SEM)
showed that the MnO2 nanoparticles were homogeneously dispersed in the colloidal Na-montmorillonite. This colloidal dispersion
was dried to form a uniform film when added to the surface of GCE. The voltammetric results showed that MnO2 nanoparticles
could effectively catalyze the oxidation of H2O2. The dependence of the response current on H2O2 concentration was explored
under optimal conditions, and an excellent linear relationship was obtained in the range from 5×10−7 to 7.5×10−3 M with a
minimum detectable concentration of 1.5×10−7 M. This sensor has been applied to measure trace concentration of hydrogen
peroxide in samples of hair dye.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a significant growth in the application
area of mechanically and chemically stable and also
fairly inexpensive clay minerals (Van Olphen, 1977).
The use of montmorillonite as catalyst supports to
construct chemical sensors has gained much attention
(Pinnavaia, 1983; Kamat, 1984). A novel hydrogen
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peroxide sensor was devised by coating the electrode
with MnO2 nanoparticles encaged by colloidal Na-
montmorillonite.

Hydrogen peroxide is an intermediate or a product in
biochemical reactions catalyzed by oxidase. Thus, the
monitoring of H2O2 with a reliable, rapid and economic
method is of great significance (Klemens et al., 1997).
One common approach involves measuring the current
when H2O2 is oxidized at a solid electrode. A number of
studies have been carried out to improve the electro-
chemical response to H2O2 by coating the electrode
surface with substances that have catalytic (mediating)
activity. These substances can be divided into three
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groups: (I) Immobilization of transition metal ions, their
oxides or complexes on the surface of carbon paste
electrode (CPE) or glassy carbon electrode (GCE) (Rice
et al., 1983; Oyama and Anson, 1986; Cox and
Jaworski, 1989; Wang et al., 1992; Gao et al., 1992;
Mannino et al., 1993; Cai et al., 1995; Klemens et al.,
1997); (II) Prussian Blue modified or iron phthalocya-
nine modified electrodes (Itaya et al., 1984; Boyer et al.,
1990; Chi and Dong, 1995; Karyakin et al., 1995, 1996,
1999, 2000); and (III) enzymes, tissues and cells
modified on CPE (Deng and Dong, 1994; Oungpipat
et al., 1995; Razola et al., 2002; Lei et al., 2003, 2004).
For the past decades, manganese dioxide (MnO2) has
been proven to be a suitable mediating or catalytic
substance to lower the overpotential for H2O2 oxidation.
J. Wang et al. prepared a GCE with a film of MnO2

deposited from MnCl2/NaOH solution and showed that
it could be used in strongly alkaline solution (Taha and
Wang, 1991). Schachl's research group achieved a
detection limit of 1.3×10−6 M for H2O2 using a CPE
modified by bulk MnO2 power (Klemens et al., 1997).
In further research they covered the electrode with a
layer of glucose oxidase and measured glucose in beer
and wine (Emir et al., 2001, 2005).

In this paper, the GCE was modified with MnO2

nanoparticles. We have shown that nano-MnO2 has
special physical and chemical properties different from
common MnO2 powders (Yao et al., 2006). The
common MnO2 powder is hard to disperse in aqueous
solutions. However, MnO2 nanoparticles can be
homogeneously dispersed in colloidal Na-montmoril-
lonite dispersions. It is possible to intercalate MnO2

nanoparticles into highly swollen Na-montmorillonite
(Enea and Bard, 1986; Yoneyama et al., 1989; Dekany
et al., 1995). Size-quantized cadmium sulfide semi-
conductor particles were generated in situ between the
interlayer spaces of octadecyl alkylammonium and
hexadecyl pyridinium montmorillonites (Kotov et al.,
1992). Four years later, Joo's group explored the
transport properties of the electroactive Fe(CN)6

3− and
Ru(NH)3

3+ probe ions through clay films containing
CdS nanoparticles. They observed that when a CdS
nanoparticle containing montmorillonite was used, the
current increased. During the cyclic voltammetry, the
limited step is the diffusion through the interlayer
region, which is controlled by the porosity. The
microencagement and dimensions of nanoparticles
depend on the pore structure of the montmorillonite
matrix (Fitch and Du, 1991, 1993, 1995; Joo et al.,
1996).

A further step was moved towards the application of
chemical sensor taking advantage of this property of
montmorillonite. Experimental results demonstrated
that MnO2/Na-Mont films enhanced the catalytic
activity of MnO2. The colloidal Na-montmorillonite
formed stable and uniform films when coated onto the
surface of a GCE. These films are more permeable and
conductive than Nafion films, which are commonly
used to modify electrodes. The montmorillonite films
have large specific surface areas, which enhance the
catalytic activity of MnO2 with H2O2. Na-montmoril-
lonite is an inexpensive and inert material. Thus, the
colloidal dispersion of MnO2 nanoparticles in Na-
montmorillonite is an excellent material to modify
electrodes.

To our knowledge, no work on the modification of
GCE by nano-MnO2 and Na-montmorillonite for H2O2

detection has been reported previously. Compared with
the other methods of monitoring H2O2, the MnO2/Na-
Mont films are excellent electrocatalytic materials for
the oxidation of hydrogen peroxide. The response
current is linear from 5×10−7 to 7.5×10−3 M with a
detection limit of 1.5×10−7 M (S/N=3) achieving a
much higher sensitivity than the previous electrode
modified by bulk MnO2 at neutral pH (Klemens et al.,
1997).

2. Experimental

2.1. Reagents

Nano-size manganese dioxide (obtained from the Chem-
istry Department of Wuhan University, China) was synthe-
sized by rheological phase reaction (Yuan et al., 2003). TEM
image showed that the particle size of the sample is about
5–50 nm. Na-montmorillonite (SWy-2) was obtained from
Missouri University. The cation exchange capacity (CEC) of
the clay was 67 meq/100 g (Kuriana et al., 2005). Sodium
hexametaphosphate (SPH) was purchased from Shanghai
chemical agent Co. Phosphate buffer was prepared by mixing
aqueous solutions (0.1 M) of sodium dihydrogenphosphate
and di-sodium hydrogenphosphate (Shanghai chemical agent
Co.) to achieve the desired pH. Hydrogen peroxide (30%)
(Shanghai chemical agent Co.) was standardized by KMnO4

titration. Stock standard H2O2 solution containing 100 mM
H2O2 was prepared freshly each day. Amino acid, ascorbic
acid, dopamine, uric acid, adrenaline, caffeine, riboflavin,
barbitone, NaCl, NaNO3, Na2SO4, K3Fe(CN)6, oxammonium
hydrochloride and other chemicals were analytical reagents.
All the chemicals were used without further purification. Water
was double distilled.

2.2. Apparatus

Cyclic voltammetry (CV) and amperometry were carried
out on a CHI830 electrochemical analyzer (Shanghai Chenhua



Fig. 1. Photographs of different dispersions: (a) colloidal Na-
montmorillonite dispersion; (b) MnO2 particles in water after
ultrasonication for 2 h and resting for 2 h; (c) colloidal dispersion of
MnO2 nanoparticles and Na-montmorillonite after ultrasonication for
2 h and resting for 20 days.
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Co., China). The working electrode is a modified glassy
carbon electrode with a geometric area of 0.0765 cm2. The
saturated calomel electrode (SCE) is used as reference
electrode, and a Pt wire is used as auxiliary electrode. All
the potentials were reported versus SCE. Scanning electron
microscopy images (SEM) were obtained using a Hitachi
X-650 microscope (Japan).

2.3. Preparation of the H2O2 sensor

30 mg Na-montmorillonite were added to 2 mL water.
After 12 h continuous stirring, the stirrer was turned off and the
dispersion was allowed to stand for 5 min. After centrifuging at
9000 rotations per min for 15 min, the supernatant was
removed for further use. After that, 1 mg MnO2 was dispersed
into 1 mL of the supernatant with the aid of ultrasonic
agitation. During the agitation 0.1% sodium hexametapho-
sphate was added in some experiments. After 2 h agitation, we
obtained a homogeneous, black-brown dispersion of MnO2–
Na-montmorillonite. Before modification, a GCE was
polished with a 0.05 μm aluminum slurry (CH Instruments,
USA), then rinsed thoroughly with water and finally sonicated
in 1:1 HNO3–H2O (V/V) and water, each for 1 min. After that,
5 μL of the above-described MnO2/Na-Mont dispersion was
pipetted onto the surface of GCE and the solvent was
evaporated at room temperature. By this means, MnO2/Na-
Mont film was physically bound to the electrode surface.
Fig. 2. SEM images of the film on the surface on the glassy carbon
electrodes. (A) SEM image of the Na-montmorillonite film on GCE.
(B) SEM image of MnO2 particles and Na-montmorillonite on GCE
(without (NaPO3)6). (C) SEM image of MnO2 particles and Na-
montmorillonite on GCE (with (NaPO3)6).



Fig. 4. Effect of applied potential on the amperometric response of
0.5 mM H2O2 in phosphate buffer solution (pH=7.4).
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The Na-montmorillonite coated electrode was prepared by
the same procedure explained above without MnO2.

2.4. Amperometric measurement of H2O2

Amperometry was carried out in an electrochemical cell
holding 10 ml of 0.1 M phosphate buffer (pH=7.4). Magnetic
stirring provided the convective transport in the amperometric
experiment. A holding potential of 0.65 V was applied to the
modified electrode. The background current was allowed to
decay to a constant value before H2O2 solution was added to
the cell. The current–time curves for the amperometric
experiments were all recorded at 25±0.5 °C. The calibration
curve was obtained by amperometric responses when added
the same amount of H2O2 standard solution into cell.

3. Results and discussion

The colloidal Na-montmorillonite dispersion is
transparent and colorless (Fig. 1a). MnO2 nanoparticles
are insoluble in water (Fig. 1b). In the presence of
montmorillonite, MnO2 nanoparticles formed a disper-
sion that is stable for more than two weeks (Fig. 1c). The
SEM image of Na-montmorillonite showed a loose and
reticulate appearance on the surface of GCE. Fig. 2B
shows that the MnO2 nanoparticles are enwrapped by
Na-montmorillonite. A more uniform distribution is
obtained with the aid of (NaPO3)6, and there are
numerous cavities that facilitated the penetration of
H2O2 (Fig. 2C).

The film containing (NaPO3)6 is not so fragile as
without (NaPO3)6. (NaPO3)6 can negatively charge the
Fig. 3. Cyclic voltammograms of H2O2 on MnO2/montmorillonite/
GCE (containing (SPH)6) in phosphate buffer (pH=7.4); scan rate:
50 mV/s. (Curve a) Bare GCE with 1 mM H2O2. (Curve b) MnO2/Na-
montmorillonite/GCE without H2O2. (Curve c) as b in the presence of
1 mM H2O2.
surface of nanoparticles which strengthens the electro-
static repulsion (Song et al., 2005). Apparently this
interaction makes the film more flexible.

During shrinking by vaporization of the water the
encagement becomes more compact. Even when such a
film is placed into water or an aqueous electrolyte
solution, the Na-montmorillonite still supports the
nanoparticles and small molecules (including H2O2)
can penetrate into the film. This is one of the major
reasons why such a film greatly enhances the catalytic
effect of MnO2 nanoparticles.

Fig. 3 shows the cyclic voltammograms (CV) for
hydrogen peroxide with the prepared electrodes. With
bare GCE and Na-montmorillonite/GCE, no oxidation
peak was observed within the applied potential range for
1 mM H2O2 in PB solution (curve a). In the absence of
hydrogen peroxide, there is a pair of broad but weak
waves between 0.2 and 0.8 V (curve b). It may be
assigned to the reduction of MnO2 to Mn(II,III) and the
Fig. 5. Effect of solution pH value on the amperometric response of
0.5 mM H2O2 in phosphate buffer (pH 7.4). Applied potential: 0.65 V.



Fig. 6. Dynamic responses of MnO2/Na-montmorillonite/GCE (with (NaPO3)6) to successive addition of 0.5 M H2O2 at pH=7.4. Applied potential
0.65 V. Sub-figure: Calibration curve of H2O2 amperometric biosensor based on MnO2/Na-montmorillonite/GCE (with (NaPO3)6) in phosphate
buffer (0.1 M, pH=7.4). Applied potential 0.65 V.

Table 1
Relative changes in the current response of H2O2 in the presence of
interferents

Groups Interferent Changes in current (%)

Conc. (0.1 mM) 0.5 mM 1 mM

1 NaCl 0 0 0
NaNO3 0 0 0
NaSO4 0 0 0
K3Fe(CN)6 0 b5 b5

2 Gly 0 −13 −30
Arg 0 −15 −33
Glu 0 −11 −25
NaGlu 0 −15 −37
Asn 0 −19 −35

3 Ascorbic acid 17 58 230
Uric acid 9 14 106
Dopamine 54 210 670
Adrenaline 25 121 284

4 Caffeine 0 0 0
Barbitone 0 0 0
Riboflavin 0 b5 20
Oxammonium
hydrochloride

0 b5 18

Operating potential, 0.65 V versus calomel electrode; carrier,
phosphate buffer (0.1 M, pH 7.4); injection of 100 μl aqueous solution
of H2O2 (10 μmol/L) containing the interferents.
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reoxidation of Mn(II,III) back to MnO2 (Emir et al.,
2001; Yin et al., 2001: Samo et al., 2004). In the
presence of H2O2, the cyclic voltammogram displays a
sensitive oxidative peak at around 0.7 V (curve c). The
current for oxidation of Mn(II,III) to MnO2 significantly
increases with increasing H2O2 concentration. The
characteristic shape of the cyclic voltammogram 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 (Emir et al.,
2001):

MnO2 þ H2O2→MnOðor Mn2O3Þ þ H2O

MnOðor Mn2O3Þ þ 2e→MnO2

Since the above two reactions are fast, the parallel
current is much higher than the oxidation current of
MnO2 on the electrode surface without H2O2.

The applied constant potential for amperometry at the
working electrode was chosen on the basis of the
electrochemical behavior of nano-MnO2 (Fig. 3). The
optimization is demonstrated in Fig. 4, where the signal
height for 1 mM hydrogen peroxide is plotted against
the operating potential. Although at 0.70 V where the
signal is highest, we choose 0.65 V as the operating
potential because above 0.65 V there is increased noise,
which is a disadvantage for measuring low H2O2

concentrations.
The ratio between MnO2 and Na-montmorillonite in
the film is a very important parameter for optimal sensor
operation, because the catalytical current depends not
only on the concentration of H2O2 but also on the
concentration of activated MnO2 in the film. Sensitivity



Table 2
Results of H2O2 analysis in hair dye of certain brand

Hair dye samples Concentration Reference method

Times of the determination Conc. (H2O2) in cell (μM) Conc. (H2O2) in real samples (mM)a R.S.D.b KMnO4 titration
6 2.6 μM 85.0 μg/g 3.2% 87.2 μg/g
a Conc. (H2O2) in real samples is obtained by multiplying the detected value by the dilution factor.
b R.S.D. is the relative standard deviation of the six measurements by the sensor.
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is lower for the film containing insufficient MnO2

nanoparticles, because the surface area is low. On the
other hand, too much MnO2 in the film decreases
conductivity and slows mass transport through the film.
If the ratio between MnO2 and Na-montmorillonite is
too high, the MnO2 particles cannot be dispersed
sufficiently and may agglomerate to larger particles
with reduced surface area. Optimization of the ratio
between MnO2 and Na-montmorillonite is demonstrated
in Fig. 4. It shows that the current increases quickly and
then slightly decreases with increasing MnO2 concen-
tration. The optimal concentration of MnO2 in the
colloidal Na-montmorillonite dispersion is 5 mg mL−1.

The amount of the dispersion on the GCE surface
determines the thickness of the film, and therefore
influences the amperometric response of H2O2. The
current response increased gradually with increasing
film thickness. However, when the amount of colloidal
dispersion exceeds 5 μL, the film becomes too thick and
blocks electron transfer. Therefore, the 5 μL colloidal
dispersion was chosen.

The effect of solution pH on the amperometric
response for 1 mM H2O2 in 0.1 M PB solution is
examined in Fig. 5. The catalytic ability of the film
increases with pH reaching a maximum at pH 6.8. In this
work, pH=7.4 (0.1 M PB buffer) was selected because
we plan further work at physiological pH.

The relationship between the oxidation current and
the concentration of H2O2 was examined in a PB
solution (pH=7.4). The solution was stirred to ensure
uniform distribution of H2O2 in the cell. Fig. 6 displays
the amperometric response for the H2O2. When the
same amount of H2O2 (0.5 mM/addition) was injected
into the cell, the current was recorded instantly.
Calibration curves for H2O2 measurement are also
presented in Fig. 6. The current is linear for concentra-
tions of H2O2 from 5×10−7 to 7.5×10−3 M. The
sensitivity of the sensor to H2O2 was calculated to be
3.14×104 μA M−1 cm−2. The detection limit was
estimated to be 1.5×10−7 M (S/N=3).

Compared with the electrode modified by Horserad-
ish peroxidase (HRP) (Deng and Dong, 1994; Oungpi-
pat et al., 1995; Razola et al., 2002; Lei et al., 2003,
2004), MnO2/Na-montmorillonite film sensors do not
lose activity with increasing time. If the sensor is used
each day for 10 measurements and each measurement
takes 1 h, ten days later 95% of the initial response of the
sensor is retained.

Four groups of substances that potentially coexist with
H2O2 were investigated for their interference on H2O2

(Table 1). Most anions (Group 1) such as nitrate, sulfate,
chlorate, perchlorate, and ferricyanide do not interfere
when present in 100-fold mass excess. Amino acids
(Group 2) slightly reduce the signal of hydrogen peroxide
if they are present at 50 times the concentration of H2O2.
Probably H2O2 in the sample solution is consumed by
redox processes. Substances that potentially exist in
biological liquids (Group 3) interfere strongly. Ascorbic
acid, uric acid, dopamine and adrenaline increase the
amperometric responses markedly when their concentra-
tions are 5 times the concentration of H2O2. This may be
assigned to strong redox processes. However, in most
cases, the species in food and drug do not interfere the
signals of H2O2. Group 4 lists some of these species. They
have little if any interference on the H2O2 measurements.
Thus, this H2O2 sensor can be used for the determination
of H2O2 in cosmetics, foods, and drugs except the
presence of strong reducing biological molecules in high
concentration.

Several commodities have been tested for the
measurement of H2O2. Experimental results agree with
the KMnO4 titration method. Here we only list the results
of themeasurement ofH2O2 in a sample of hair dye (Table
2). The sample was weighed and dissolved in water to
certain volume immediately before analysis. Ampero-
metric determinations were made by adding the sample
solutions directly after adding with 0.2, 0.4 and 0.6 mM
H2O2 as internal standards. The recovery of the experi-
ments was from 94.93% to 105.47% for 3 parallel
measurements. These results proved that the sensor could
be used to measure the concentration of real samples.

4. Conclusions

A high sensitivity H2O2 sensor was constructed with
MnO2 nanoparticles and Na-montmorillonite. The high
sensitivity of this H2O2 sensor is attributed to the high
specific surface area of the MnO2 nanoparticles and the
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property of Na-montmorillonite to form a uniform film.
The Na-montmorillonite encages the nanoparticles
while allowing H2O2 to penetrate through the film.
Ease of preparation and long-term stability make these
sensors superior to horseradish peroxidase modified
sensors, which must be stored in buffer. Its applicability
to practical samples was demonstrated by measuring
H2O2 in hair dye. Its low detection limit and its
applicability in neutral and slightly alkaline media
suggest that the MnO2/montmorillonite system can
probably act as a useful electrode material for the
development of sensors.
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