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Abstract: The morphological and electrocatalytic properties of ITO and nanostructured carbon
screen printed electrodes (nanoSPCE) modified with thin films of MnO2 particles, alone or as
hybrid with SiO2, as obtained using electrodeposition techniques, were studied. The time and
potential of MnO2 electrodeposition influenced the electrocatalytic properties of the modified
electrodes towards H2O2. The highest electrocatalytic current was observed at deposition potential
E= -0.8 V and deposition time of 10 s. MnO2 particles with uniform distribution were obtained
onto the electrode surface when prepared under optimal conditions. The nanoSPCE–MnO2 has
demonstrated larger effective surface area and faster charge transfer rates compared to ITO–
MnO2. The electrodeposited silica, in addition to MnO2, improved the operational stability of the
electrodes without noticeable decreasing of their performance. Modified electrodes were used for
hydrogen peroxide determination.
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1. Introduction
The development of sensitive elements of disposable amperometric sensors for medical
diagnostics or on-site analyses is important task of the modern analytical chemistry [1,2]. The
planar printed electrodes are perspective for this purpose. Many commercial biosensors are based
on electron mediator transport [3,4]. Metal and metal oxide nanoparticles immobilized on
electrode surfaces can act as electro mediators in amperometric enzymatic sensors [2,5], and they
can be even used for the development of enzymatic free sensors [6-10].
Because hydrogen peroxide is a common product of many enzymatic transformations, the
development of the sensitive elements of amperometric sensors for H2O2 is a challenge for the
construction of several enzymatic biosensors. The nanoparticles of noble metals (Au, Pt) are
commonly used catalysts in amperometric sensors for hydrogen peroxide, thanks to their high
activity and stability [1]. However, there are other more available and low cost mediators, such as
transition metal oxide particles, i.e. MnO2.
MnO2 is known as mediator for hydrogen peroxide amperometric detection [7-11]. In
particular, MnO2 nanoparticles can be reduced by H2O2 on carbon, gold or ITO electrodes to
Mn(II) or Mn(III) species and then re-oxidized to MnO2 electrochemically [10-12]. The resulting
anodic currents sampled at the electrode increased proportionally to H2O2 content in solution. The
selectivity and sensitivity of H2O2 detection using an electrode modified with MnO2catalytistwere
improved compared to the bare one [8,10]. The use of MnO2 as electron mediator is a good
alternative to gold or platinum nanoparticles.
The presence of reducing agents such as ascorbic acid or urea can influence the results of
hydrogen peroxide determination, which is a problem for amperometric enzymatic sensors. The
oxidation currents of the mentioned compounds appear indeed at potential values overlapping with
H2O2 signals, which caused an error in the results of determination of H2O2. In the goal to
circumvent this limitation, MnO2 powder was used to reduce the influence of ascorbic acid on the
results of choline amperometric determination with a help of the electrode modified with choline

oxidase [13-15]. Ascorbic acid was oxidized during the pretreatment of the solution with MnO2
particles. To avoid such pretreatment with addition of MnO2 particles into the solution, it would
be interesting to use an electrode modified with MnO2 particles immobilized onto its surface for
the development of the sensor element for amperometric determination of H2O2 in the presence of
reducing agents such as ascorbic acid. The rate of ascorbic acid oxidation onto MnO2 should be
lower than the catalytic oxidation of H2O2. Indium tin oxide (ITO) based electrodes can possess
good affinity to MnO2 particles and thus ensure better holding of the particles on its surface,
owing to favorable interactions between ITO and metal oxide particles [16-20]. Carbon electrodes
might be also of interest because they offer relatively easy surface modification platforms for
mediators [21].
The use of screen printed electrodes is important for the development of portable disposable
sensors. It was demonstrated earlier that carbon screen printed electrodes modified with enzymes
were successfully applied for the construction of amperometric biosensors for determination of
choline [15, 22], H2O2 and phenols [19, 21], L-ascorbic acid [23], glutamate [24], biogenic amines
[25] and glucose [26]. The immobilization of nanostructured materials together with enzymes onto
the surface of the screen printed electrodes is also a perspective for the development of third
generation biosensors [18-20].
In the present work we studied nanostructured screen printed carbon electrodes (nanoSPCE),
which possess higher surface area compared to carbon screen printed electrodes described earlier.
Such electrodes can be perspective sensitive elements of amperometric sensors. The modification
of nanoSPCE with MnO2 particles and their application for H2O2 determination was not yet
investigated to our knowledge.
MnO2 particles can be synthesized in solution and then immobilized onto an electrode surface
in the form of thin films using organic or inorganic binders [10,12,16]. Beside this, MnO2 films
can be directly electrodeposited onto the surface of the electrode from a solution containing
Mn(II) species by applying a positive potential to the working electrode [27-29]. Good control of

the amount and size of the metal oxide particles on the electrode surface can be achieved by
controlling the electrodeposition parameters (applied potential and deposition time).
On the other hand, sol-gel-derived silica films can be generated on solid electrodes by the
electrochemically-assisted deposition (EAD) method, which is also a convenient procedure for the
immobilization and holding of nanoparticles and enzymes onto electrode surfaces [30-37]. The
method is easy to use, it is quick and it allows to control the thickness and surface characteristics
of SiO2 on the electrode by adjusting the time and value of applied potential [37-40]. The EAD
method allows precise modification of the target electrode because the catalyst is being generated
only in close vicinity of negatively-polarized (working) electrode. Recently this procedure was
successfully applied for the modification of screen printed planar electrode with biocomposite film
silica-choline oxidase [22]. It was also used to generate extremely porous coatings by adding
surfactants in the synthesis medium [31,38,41-43], which can be otherwise applied as a useful
matrix to encapsulate functional microparticles in a durable way (e.g., clays [44]).
The objective of the work is modification of the nanoSPCE and ITO electrodes with MnO2
particles using direct electrodeposition technique followed by their coating/embedding with a
silica film generated by EAD method. The comparison of the electrocatalytic characteristics of
obtained modified electrodes using H2O2 as a model substrate is then made in respect to their
further application as sensitive elements of amperometric sensors.

2. Experimental section
2.1. Materials, Reagents and Apparatus
Tetraethoxysilane

(TEOS,

98%)

was

purchased

from

Fluka

(Switzerland).

Cetyltrimethylammonium bromide (CTAB) was provided by Sigma (USA). Phosphate buffer
solutions (PBS) were prepared from Na2HPO4·2H2O and KH2PO4 (99.5%, Merck, Germany). All
the other reagents were of analytical grade. All solutions were prepared using doubly distilled
water. The nanoSPCE ensembles were made of a nanostructured carbon screen-printed working

electrode, a carbon counter-electrode and an AgCl reference electrode, which were purchased
from Orion Technology (OHT-000). The working electrode (WE) was obtained using carbon
nanoparticles-based inks. The size of carbon nanoparticles constituting the electrode was in the
20-60 nm range according to the manufacturer.

The diameter of the WE was 4 mm. For

comparison purposes, a classical carbon screen printed electrode (SPCE, purchased from Ital
Sens) was tested. In this case, the WE (3 mm in diameter) was obtained from carbon inks without
particles size control.
Glass slides covered with an ITO film (1.1 mm thickness) were used as ITO electrodes
(Sigma-Aldrich); a Pt wire and Ag/AgCl were used as counter and reference electrodes,
respectively. All electrochemical experiments were conducted using either a model µStat400
bipotentiostat/galvanostat (DropSens, Spain) or a EmStat2 potentiostat (Palm-Sens, Netherlands).
SEM measurements of MnO2 and ITO modified with MnO2 were carried out using the model
JCM-6000 scanning electron microscope (JEOL).
2.2. Electrochemical deposition of MnO2 onto electrode surfaces
Synthesis of manganese dioxide particles was carried out by electrochemical deposition in
accordance with the method described in [16]. For this purpose, ITO and nanoSPCE electrodes
were immersed in a solution of 0.05M MnSO4 and 0.1M CH3COOK and a constant potential
(typically between +0.6 and +1.0 V) was applied to the working electrode: the time of such
potentiostatic electrodeposition was varied in the range of 10-240 s (see optimization detail at
section 3.2). Obtained modified electrodes, respectively ITO-MnO2 and nanoSPCE-MnO2, were
dried in an oven at 1000C for 5 hours and then kept at room temperature for 12 hours prior to use.
2.3. Modification of the electrodes with SiO2 film
The ITO-MnO2 and nanoSPCE-MnO2 electrodes were then modified with silica film using
EAD method [37,44]. The composition of the sol for deposition was adapted from the literature
[22,37]: the acidic hydrolysis of tetraethoxysilane was performed by mixing TEOS, H2O and
0.01M HCl with the volume ratio 1.4 : 1:1.73 for 8 hours. Then a calculated amount of CTAB was

added to obtain 1mM solution of surfactant in the final sol, 0.3 mL of 67 mM PBS (pH 7.0). The
mixture was carefully mixed and 50 µL were dropped on the sensitive part of screen printed chip
covering all three electrodes. The negative potential (E= -1.1 V) was applied to the working
electrode for 15 s. In the case of modification of ITO electrodes they were dipped into the mixture
of silica sol then the same potential of -1.1 V was applied for 15 s. After film formation, the
electrodes were left for 1 min covered with sol, then carefully washed with water and dried at
room temperature for 30 min. The obtained modified electrodes (ITO-MnO2-SiO2 and nanoSCPEMnO2-SiO2) were kept at room temperature for 8 hours and washed with phosphate buffer pH-8.0
for 30 min prior to use. They were stored in desiccator if not in use.

3. Results and discussion
3.1. Electrochemical response of MnO2 modified electrodes toward H2O2.
Before investigating the effect of MnO2 on the cyclic voltammetric (CV) response of H2O2
(i.e., using nanoSPCE and ITO electrodes modified with MnO2 particles), some preliminary
experiments were performed on bare screen-printed carbon electrodes (i.e., inks containing carbon
nanoparticles or not) in order to select the most promising one for further experiments. The CV
curves recorded in the absence and presence of hydrogen peroxide at the bare carbon screen
printed electrode (CSPE) and at the nanostructured carbon screen printed electrode (nanoSPCE)
were compared (Fig. 1a). Both background and oxidation currents of H2O2 are much higher at the
nanostructured carbon electrode (curves 3&4), and the presence of H2O2 was even not noticeable
on classical (i.e., not nanostructured) screen-printed electrode (curves 1&2 superimposed). The
overpotential for H2O2 oxidation was much less at the nanoSPCE, indicating its interest for further
modification with MnO2.
The typical CV response of the nanoSPCE after electrodeposition of MnO2 (nanoSPCE-MnO2)
is presented in Fig. 1b, curve 1. The small signals observed in the buffer solution can be attributed
to the Mn(IV) / Mn(III), Mn(II) redox systems in their oxide states, as described previously [10,

46]. As no peak current was observed at unmodified nanoSPCE, these results confirm the presence
of Manganese species on the surface of the nanoSPCE. Anodic current of nanoSPCE-MnO2 at E =
0.6 V noticeably increases in the presence of 1.10-3 M H2O2 (Fig 1b, curve 2). This is due to the
electrocatalytic oxidation of H2O2 at nanoSPCE-MnO2 which was described earlier for the other
types of the electrodes modified with MnO2 [10,11].
Please insert here Figs. 1a, 1b & 2a, 2b
A similar set of CV experiments has been performed with ITO electrodes, respectively
before and after electrodeposition of MnO2, in the absence and presence of H2O2, as presented in
Fig. 2. Two slightly visible oxidation- reduction peaks at E 0.4 and 0.3 V can be noticed in CV
recorded in the background electrolyte at bare ITO (Fig 2a, curve 1), possibly due to some
impurities in solution. A well-defined oxidation peak at E = 0.7 V appeared in the presence of
H2O2 in solution (Fig. 2a, curve 2). Much larger peak currents were observed when using the
MnO2-modified ITO electrode either with or without H2O2 (Fig. 2b). The two well defined
oxidation-reduction peaks observed at ITO–MnO2 (at +0.65 and +0.4 V, respectively) in
phosphate buffer at pH 8.0 (Fig. 2b, curve 2) confirm the presence of MnO2 on the ITO surface
and testify that MnO2 is electrochemically active. The oxidation current of ITO-MnO2 at E = 0.65
V noticeably increased in the presence of hydrogen peroxide while the reduction current was not
changed (Fig. 2b, curve 2). As for nanoSPCE-MnO2, this is the result of the catalytic oxidation of
H2O2 at ITO-MnO2, but the difference between the CV curves (peak current ratio) recorded in the
background electrolyte and in the presence of 1.10-3 M H2O2 is more clear at nanoSPCE-MnO2.
3.2. Optimization studies of MnO2 electrodepositon.
It was investigated the influence of the deposition potential, time and concentration of Mn(II)
solution on the electrocatalytic properties of the studied electrodes. The oxidation current of H2O2
at nanoSPCE-MnO2 and ITO-MnO2 was used as analytical signal.
Effect of electrodeposition potential. The deposition potential of MnO2 at nanoSPCE and ITO
electrodes was varied in the range of +0.6 to +1.0 V. The range of potentials is limited by the

value of the formal redox potential of the (Mn (IV) / Mn (II) system (E = 0.72 V at pH 8.0) and
the beginning of water decomposition at E = 1.0 V. The optimal electrodeposition potential of
MnO2 on the both nanoSPCE and ITO electrodes was +0.8 V, leading to the highest analytical
signal observed for H2O2 detection (please see supplementary material, Fig. 1S).
Effect of the modifier precursor concentration. The concentration of the MnSO4 solution used
for electrodeposition process was varied in the range of 0.05 - 0.5 M. The oxidation potential of
H2O2 depended of the concentration of MnSO4, and increased from 0.65 to 0.8 V when passing
from more diluted to more concentrated solutions. 0.05 M solution of MnSO4 was thus used
further for electrode modification as it gave rise to the best electrocatalytic behavior (the oxidation
potential of H2O2 was the lowest in this case, please see supplementary material, Fig. 2S).
Effect of electrodeposition time. The time of electrodeposition of MnO2 onto ITO electrodes
was checked in the range of 10 - 240 s. In agreement with previous observations [10], varying the
the deposition time causes the formation of either MnO2 particles or films on the surface of the
electrodes. Increasing the deposition time from 10 to 240 s resulted in an anodic shift in the
oxidation potential of hydrogen peroxide, from 0.65 to 0.85 V (please see supplementary material,
Fig. 3S).
In conclusion, the highest electrocatalytic current for H2O2 oxidation and the lowest
potential values was observed for the electrodes modified with MnO2 particles generated from
0.05 M solution of MnSO4 (in 0.1M CH3COOK) at a deposition potential of E = +0.8 V and
deposition times of 10 – 60 s.
The SEM micrographs of ITO electrode modified with MnO2 from 0.05 M MnSO4 at
potential E = +0.8 V for various deposition times are presented in Fig. 3. Uniformly distributed
disaggregated particles are observed on the surface of ITO-MnO2 at a deposition time up to 60 s.
The diameter of the metal oxide particles was 200 ± 50 nm. For longer deposition times (i.e., 120
or 240 s) a MnO2 film is formed onto the surface instead of particles. It can be concluded that

particles caused better electrocatalytic behavior compared to the film, indicating a significant role
in the morphology of MnO2 deposits on their catalytic effect.
Please insert here Fig. 3a,3b, 3c, 3d
3.3.Effect of pH
The effect of pH on the oxidation peak potential of H2O2 at ITO-MnO2 and nanoSPCE-MnO2
electrodes was investigated (Fig. 4).
Please insert here Fig. 4
A decrease in the anodic peak potential values from 1.0 to 0.6 V with increasing pH of the
solution (in the presence of H2O2) was observed at both electrodes. The sharp potential shift
corresponding to lower overpotentials for hydrogen peroxide oxidation was observed in the pH
ranges 5-8 and 6-7, respectively at ITO-MnO2 and nanoSPCE-MnO2 electrodes. This indicates
that hydroxyl ions play an important role in the electrocatalytic detection of H2O2 at electrodes
modified with MnO2. As the concentration of hydroxyl ions increases, the oxidation of manganese
ions is going on easier. According to the literature [10], the scheme of the catalytic cycle of
oxidation and reduction of hydrogen peroxide, can be assumed as follows:
(y + 2z)MnO2+ 2H2O2 = 2H2O + O2 + yMnO2 + zMn2O3
2MnO + Mn2O3 + 6OH- = 4MnO2 + 3H2O + 6e-

chemical reaction (1)

electrochemical reaction (2)

Initially, a chemical reaction occurs with the oxidation of hydrogen peroxide and the reduction
of manganese dioxide to the lower oxidation levels. Then electrochemical oxidation of Mn(II,III)
to Mn(IV) occurs at the electrode surface. Thus an alkaline medium is required to make the
process easier. The optimum pH for H2O2detection starts at 7 for nanoSCPE-MnO2 while pH=8 is
necessary to reach similar electrocatalytic effectiveness at ITO-MnO2 electrode. It can be assumed
that the optimal pH value slightly depends on the properties of the working electrode. Phosphate
buffer of pH 8.0 was used for the determination of H2O2 in the further studies.

3.4. Electrochemical characteristics of nanoSPCЕ, nanoSPCE-MnO2, ITO and ITO-MnO2
electrodes
The cyclic voltammetric response of another redox probe (1.10-3 M K3Fe(CN)6) was used to
evaluate the electrochemical characteristics of the nano SPCЕ, nanoSPCE-MnO2, ITO and ITOMnO2 electrodes. It can help to compare the effect of MnO2 particles on the electrochemical
characteristics of the studied electrodes.
The effect of scan rate on the oxidation peak of 1.10−3 M K3Fe(CN)6 was studied by cyclic
voltammetry. The plot of peak current vs. square root of scan rate (ν1/2) was linear over the whole
studied range of scan the rate from 10 to 250 mV.s-1 for both nanoSPCE-MnO2 and ITO MnO2
electrodes (see supplementary material, Figs. 4S&5S). This indicates a typical diffusion-controlled
behavior of the studied systems.

The electron transfer rate constant (ks) and the transfer

coefficient () were calculated using the Laviron equation [45]. The results are presented in Table
1. The value is almost similar for all studied electrodes. The value of ks increased twice on
nanoSPCE-MnO2 compared to ITO electrodes. This contributes to explain why MnO2 on the
SPCE significantly promoted the electrocatalytic detectionof H2O2, as discussed above.
The effective surface area (A, сm2) of the modified electrodes was determined using the
Randles-Sevcik equation [45]. Slight increase in the effective surface area of nanoSPCE-MnO2
compare to bare SPCE is observed. This feature was even more pronounced for ITO-MnO2 (i.e.,
almost 100 times increase compared to bare ITO), suggesting that MnO2 particles substantially
contribute to the large surface area of ITO-MnO2 while the nanostructured carbon particles
constituting the nanoSPCE electrode already possesses large surface area. Overall, the value of
effective surface area of the SPCE-MnO2 was 10 times larger than of ITO-MnO2.
Please insert here Table 1.
3.5. Effect of SiO2 film
The ITO-MnO2 and nanoSPCE-MnO2 electrodes were covered with silica film using EAD
technique. SEM image of the ITO-MnO2-SiO2 is presented in Fig. 5. The film is highlighted in

light on the micrograph. The black part on the right is an edge of the film. The dark circles in the
center can be ascribed to MnO2 particles.
Please insert here Fig.5.
The stability of the analytical signal of H2O2 at the electrodes covered with SiO2 film was
improved. The Both operational and long term stability of nanoSPCE-MnO2-SiO2 (i.e., the
analytical signal of H2O2 at the electrodes covered with SiO2 film) was improved compared to
nanoSPCE-MnO2. The intensity decrease of the analytical signal for 30 successive detection scans
in 0.5 mM H2O2 was respectively 30% and 15% at nanoSPCE-MnO2 and at nanoSPCE-MnO2SiO2 (see supplementary material, Fig. 6S). The analytical signal of H2O2 diminished by four
times at nanoSPCE-MnO2 but only 20% at nanoSPCE-MnO2-SiO2 after one month of testing.
The characteristics of the calibration graphs for the determination of H2O2 by CV method
using bare and MnO2-modified nanoSPCE and ITO electrodes, with and without silica film, are
presented in the Table 2. The oxidation potentials of H2O2 are similar for the electrodes modified
with MnO2 and MnO2-SiO2. The relative standard deviation (sr values) of the analytical signal of
5.10-4 M H2O2 were found to be respectively 0.06 and 0.02 at nanoSPCE-MnO2 and nanoSPCEMnO2-SiO2 electrodes (n=10, P=0.95).
Please insert here Table 2.
The lowest oxidation potential, widest linear range of calibration graph and lowest LOD for the
determination of H2O2 is observed for the nanoSPCE-MnO2-SiO2. This indicates not only that
silica does not prevent the electrocatalytic properties of the MnO2-modified electrodes, but also
contributes to improve somewhat their performance, which could be related to the fast mass
transport properties featured by such mesoporous silica films [41,42].

3.6. Interference studies
The possible interference effect of ascorbic acid on the analytical signal of H2O2 at the
electrodes modified with MnO2 was investigated. This compound is indeed present in biological

fluids, together with the target analyte, and can influence the results of its amperometric
determination as it is expected to be oxidized in similar potential region. Equimolar amounts of
ascorbic acid interfere on H2O2 detection at the bare electrodes, especially at ITO (Fig. 6a). Such
deleterious effect of ascorbic acid was substantially less at the electrodes modified with MnO2
(Fig. 6c).

It is interesting to note that the oxidation peak of ascorbic acid decreased with

increasing scan rate from 25 to 100 mV.s-1 at the ITO-MnO2 while the oxidation current of H2O2
was not noticeably changed (Fig. 6, compare a&b and c&d).
Please insert here Fig. 6 a, b, c, d
It can be a result of the differences in the kinetics of the oxidation of the studied compounds at
metal oxide particles. The difference between oxidation current of H2O2 and ascorbic acid was
more important at a scan rate of 100 mV.s-1. The hydrogen peroxide can be determined in the
presence of equimolar amounts of ascorbic acid at both nanoSPCE-MnO2-SiO2 and ITO-MnO2SiO2 electrodes.

4. Conclusions
Nanostructured screen printed carbon (nanoSPCE) and ITO electrodes modified with MnO2 by an
electrodeposition method have demonstrated good electrocatalytic properties in the presence of
H2O2. The uniformly distributed particles of MnO2 obtained under optimal conditions provided
high electrocatalytic currents for H2O2 at nanoSPCE-MnO2 and ITO-MnO2 electrodes. Larger
effective surface areas and faster charge transfer rates were observed at the nanoSPCE-MnO2
electrode. This latter was characterized by lower LOD and wider linear range of the calibration
curve for the determination of H2O2 compared to ITO-MnO2 electrode. The modification of
MnO2-functionalized electrodes with a mesoporous silica film contributed to provide better
stability of the analytical response of the studied electrodes. NanoSPCE-MnO2-SiO2 is perspective
element of amperometric sensor for the detection of hydrogen peroxide in the presence of
equimolar amounts of ascorbic acid.
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Table 1.Electrochemical characteristics of non modified and modified with MnO2 ITO and
nanoSPCE electrodes, n=3.
Electrode

α

ks, s-1 ± 0.05

A, сm2

ITO

0.89

1.15

0.03

ITO-MnO2

0.89

1.16

2.70

nanoSPCE

0.86

2.50

15.30

nanoSPCE-MnO2

0.85

2.20

20.50

ks – charge transfer rate constant, α - charge transfer coefficient, A - effective surface area.

Table 2. The characteristics of the calibration graphs for the determination of H2O2 using different
types of the electrodes
Electrode type

Eox (V)*

Linear range,
mM

LOD (3s criteria),
mM

ІТО

0.65

2-11

1.8

ІТО-MnO2

0.70

0.3-0.9

0.24

ІТО-MnO2-SiO2

0.65

0.2-0.9

0.12

nanoSPCE

1.0

0.1-0.5

0.05

nanoSPCE-MnO2

0.6

0.05-1.0

0.025

nanoSPCE-MnO2-SiO2

0.6

0.02-1.0

0.01

*Eox - the oxidation potential of hydrogen peroxide

Figure caption
Fig 1a. CV curves recorded in the background electrolyte (1,3) and in the presence of 1.10-3 М
H2O2 (2,4) at non modified CSPE (1,2) and nanoSPCE (3,4); supporting electrolyte: 0.01 M PBS,
рН = 8.5; scan rate 100 mV/s.
Fig. 1b. CV curves recorded in background electrolyte (1) and in the presence of 1.10-3М H2O2 (2)
at nanoSPCE modified with MnO2 by electrodeposition procedure. Electrodeposition conditions:
E= 0.8 V, time 60 s. Other conditions as in Fig. 1a.
Fig. 2a. CV curves recorded in the background electrolyte (1) and in the presence of 1.10-3М H2O2
(2) at bare ITO electrode. Other conditions as in Fig. 1a.
Fig. 2b. CV curves recorded in the background electrolyte (1) and in the presence of 1.10-3 М
H2O2 (2) at ITO modified with MnO2 by electrodeposition procedure. Other conditions as in Fig.
1b.
Fig. 3a. SEM image of bare ITO electrode surface.
Fig. 3b. SEM image of ITO-MnO2 electrode surface; electrodeposition time 60 s,
electrodeposition potential E=0.8 V.
Fig. 3c. SEM image of ITO-MnO2 electrode surface; electrodeposition time 120 s,
electrodeposition potential E=0.8 V.
Fig. 3d. SEM image of ITO-MnO2 electrode surface; electrodeposition time 240 s,
electrodeposition potential E=0.8 V.
Fig. 4. Effect of pH on the oxidation potential of 1.10-3 М H2O2 at ITO-MnO2 (1) and SPCE-MnO2
(2); peak potentials obtained from CV curves recorded at a scan rate of 100 mV/s.
Fig. 5. SEM image of ITO-MnO2-SiO2 electrode surface.

Fig. 6 a,b. CV curves recorded in the background electrolyte (1) and in the presence of 1.10-3 M
H2O2 (2) and 1.10-3 M ascorbic acid (3) at ITO; solution pH: 7.5; potential scan rates: 100 mV/s (a)
and 25 mV/s (b).
Fig. 6 c,d. CV curves recorded in the background electrolyte (1) and in the presence of 1.10-3M
H2O2 (2) and 1.10-3M ascorbic acid (3) at ITO-MnO2-SiO2; solution pH: 7.5; potential scan rates:
100 mV/s (c) and 25 mV/s (d).

