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Abstract Carbon paste electrode modified with aminated
Mobil Catalytic Material Number 41 (MCM-41) was
prepared and used for immobilization of K;[Fe(CN)y] in
acidic medium, and then electrochemical behavior of
modified electrode containing ferricyanide was studied in
detail, including pH-dependence and scan rate effect.
Cyclic voltammetry studies showed that the electrode
reaction is a surface-controlled process at the scan rate
range from 5 to 60 mV s '. Also, the electrocatalytic
behavior of modified electrode toward the reduction of
H,0, is reported and the effect of pH on catalytic peak
current was discussed. According to experimental results,
with increasing solution pH, the catalytic effect of this
modified electrode is decreased. Catalytic reduction current
of H,0, increases linearly with its concentration. It has
been demonstrated that ferricyanide immobilized on the
aminated MCM-41 is a stable catalyst for the electro-
catalytic reduction of H,O,.
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Introduction
Highly ordered three-dimensional mesoporous materials

with a pore size from 10 to 100 A° are already
technologically important for a variety of applications as
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catalysts, molecular sieves, and adsorbents. Mesoporous
crystalline material Mobil Catalytic Material Number 41
(MCM-41) exhibits extremely high surface area and well-
defined pore size, as well as high thermal stability, the
synthesis of which was first reported by researchers of
Mobil Oil [1, 2]. These materials were prepared by the sol—
gel process in the presence of a quaternary ammonium
surfactant template and characterized by a cylindrical
regular mesopores of monodispersed diameter from 2 to
10 nm [3-6]. Such great porosity and uniform structure
provide a very attractive and convenient technique for
immobilization of different catalysts.

The internal surfaces of these solids have a large number
of silanol groups. Reaction of these silanol groups with
various alkoxysilanes has widely been exploited for
preparing functionalized MCM-41 by covalent grafting
with various organic moicties [7-9]. Functionalized
MCM-41 have gained application in the field of electroan-
alytical chemistry in recent years, such as preconcentration
analysis [10, 11], electrocatalysis [12, 13], bioelectrochem-
istry [14-16], and gas sensors [17-20].

Designing chemically modified electrodes for elec-
trocatalysis [21-24] has been extensively developed because
it provides an elegant way to facilitate (accelerate) charge
transfer processes. This contributes to decrease the over-
potentials often required to perform electrochemical trans-
formations, as well as to increase the intensity of the
corresponding voltammetric responses. Until now, electro-
catalytic studies with mesoporous silica-based materials are
only beginning to be explored [12, 13]. Li et al. [12] have
encapsulated 1:12 phosphomolybdic acid in the mesopore
channels of MCM-41 materials grafted with amine groups.
After incorporation into carbon paste electrodes (CPEs),
these materials were found to be efficient catalysts for the
reduction of ClO3; and BrOs species, the electrocatalytic
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properties of 4,4'-bipyridinium units covalently attached to
MCM-41 silica walls were also described with respect to
the oxidation of 1,4-dihydrobenzoquinone [13].

In the field of electrocatalysis, we have demonstrated the
suitability of some modified electrodes for electrocatalytic
determination of ascorbic acid [25], hydrazine [26], L-
cysteic acid [27], nitrite [28, 29], and carbohydrates [30]. In
this work, we used aminated MCM-41 for encapsulation of
ferricyanide and used this material for electrocatalytic
reduction of H,O5.

Experimental
Apparatus

Electrochemical experiments were performed on 746VA
Trace Analyzer Metrohm potantiostat with a Metrohm
voltammetry cell in a three electrode configuration. An
Ag/AgCl was used as reference electrode and a platinum
wire was the auxiliary electrode. Working electrode was
carbon paste modified with aminated MCM-41. X-ray
powder diffraction data were obtained on a Siemens
D5005 diffractometer (German) using Cu Ka radiation.

Chemicals

Pure silica MCM-41 was synthesized by a literature method
[31] and was characterized by its X-ray diffraction (XRD)

Scheme 1 Structure of MCM-
41 and MCM-41(m)

pattern. The grafting reagent 3-aminopropyl triethoxysilane
(APTES, Merck) was used without further modification.
The electrolyte solutions were HCl and 0.1 M phosphate
buffer in pH ranges of 0—1 and 1.5-5, respectively. All
other chemicals were of analytical grade and the solutions
were prepared with doubly distilled water.

Modification of MCM-41

Amine-functionalized MCM-41 was prepared according to
a method in the literature [12]; typically, 0.5 g of MCM-41
was mixed with a chloroform solution of APTES (50 mL,
0.1 M) and stirred at room temperature for 8 h. The
modified MCM-41[MCM-41(m)] was filtered and washed
with chloroform, and then dried in air. Scheme 1 shows the
structure of MCM-41 and MCM-41(m).

Electrode preparation, electrochemical procedures

CPE containing MCM-41(m) was obtained by the homoge-
neous mixing of graphite particles and MCM-41(m) in a 6:1
mass ratio, and then paraffin oil was added drop wise until a
uniformly wetted paste was obtained. A portion of prepared
paste was packed into the end of a glass tube with a copper
wire as electrical contact. The surface of paste was smoothed
on a piece of paper. Then, electrode was immersed in a
stirring 1 mM solution of ferricyanide in 1 M HCI for 3 h and
washed by stirring in 1 M HCI for 1 h and twice in water.
This electrode was studied after reaching a constant current
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Fig. 1 XRD pattern of a MCM-41 and b MCM-41(m)

electrochemical behavior. For comparison, similar procedure
was performed for bare CPE and carbon paste containing
unmodified MCM-41 (MCM-41/CPE).

Results and discussion
Characterization of modified MCM-41

The physico-chemical characteristics of MCM-41 and
MCM-41(m) are as expected from previous studies [31].
X-ray diffractogram of MCM-41 (Fig. 1a) shows one main
correlation reflection at a 20 angle of 2.2° and two weaker
reflections at higher 20 angles. The XRD pattern of MCM-
41(m) (Fig. 1b) shows a weaker peak at the same 20 angles,
which is due to decreasing channels’ space.

Electrochemical behavior of modified electrode

Electrochemical Fig. 2 shows the cyclic voltammograms of
ferricyanide accumulated on different electrodes {i.e., CPE,

(MCM-41/CPE) and [MCM-41(m)/CPE]} in 1 M HCI
before (Fig. 2a) and after (Fig. 2b) washing the electrodes.
As can be seen (curve a) at CPE, the ferricyanide does not
absorb with respect to MCM-41/CPE or MCM-41(m)/CPE
and no redox peak is observed. However, voltammograms b
and c exhibit that the absorption occurs at the MCM-41/
CPE and MCM-41(m)/CPE, despite the lower internal
space of MCM-41(m) with respect to MCM-41; the amount
of ferricyanide adsorbed in MCM-41(m)/CPE is more than
MCM-41/CPE, which can be attributed to electrostatic
interaction between protonated amine and ferricyanide.
Also, the residual current in MCM-41(m)/CPE is much
lower than that of MCM-41/CPE, which shows improved
conductivity of MCM-41(m) via amine groups.

Electrochemical behavior of MCM-41(m)/CPE was
studied in pH range 1 to 5. As can be seen in Fig. 3, with
an increasing pH, the AE, (Ey,—Ep) increased, and the
anodic and cathodic peak currents decreased; such behavior
is different from what is seen for ferricyanide in solution in
our previous work [28]. With increasing pH values
(replacement of H' by bulky cations relating to the buffer
salts), slower penetration (charge propagation) of bulkier
cations to the active centers, as well as decreasing
protonation degree of amine groups and, therefore, decreas-
ing electrostatic interaction between amine groups and
ferricyanide ions, should, most likely, be the reason for the
decrease in rate of charge transfer and peak currents. It must
be noted that, when electrode transferred again to pH 1
solution, the low pH voltammogram was restored.

The effect of scan rate on electrochemistry of the
modified electrode is shown in Fig. 4. With an increasing
scan rate, the anodic peak potential of ferricyanide shifted
to a more positive value and the cathodic peak potential
shifted in a negative direction (quasireversible behavior).
Inset a of Fig. 4 shows the plot of E, vs Log v for anodic
and cathodic peaks. As can be seen at high potential scan
rates, the values of £, are proportional to the Log v with the

Fig. 2 Cyclic voltammograms A B
of ferricyanide accumulated on b
a CPE, b MCM-41/ CPE, and ¢ 200 b
MCM-41(m)/CPE before (a) 200
and after (b) washing step in
0.1 M HCI, scan rate 50 mV s ! i 100 c i 100
Iy c
- a =
L]
a
0 0
-100 -100
200 A : . . -200
0.2 0.4 06 08 0.2 04 06 0.8

E/V vs. Ag| AgCl| KC1 3M)

E/V vs. Ag| AgC1|KCI (3M)
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Fig. 3 a Cyclic voltammograms
of MCM-41(m)/CPE in different
pH values: 1, 2, 3, 4, and 5 from
a to e, respectively, scan rate

10 mV s~'. b Variation of a
anodic and b cathodic peak
potentials with pH

B

0 02 04

slopes equal to 2.3RT/anF and 2.3RT/(1—«) nF for the
cathodic and anodic peaks, respectively, indicated by
Laviron [32]. Using the slopes of plots, the value of o
was determined as 0.49. Also, peak current value of
ferricyanide increased linearly with the increasing scan rate
in the range of 5-60 mV s~ ' (inset b of Fig. 4), indicating a
surface-controlled process.

Electrocatalytic reduction of H,O,

In experiments, we found that the carbon paste modified
with ferricyanide-MCM-41(m) has a catalytic effect on the
reduction of hydrogen peroxide. As is known, the electro-
reduction of H,0, requires a large overpotential; no
obvious response is observed in the range of +0.7 to
—0.3 Von CPE or MCM-41(m)/CPE in 1 M HCI solution

1000
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Fig. 4 Main panel: Cyclic voltammograms of MCM-41(m)/CPE in
1 M HCI at different scan rates: 5, 10, 15, 20, 25, 30, 40, 50, 60 mV
s' from a to i, respectively. a Plot of E, vs log v for cyclic
voltammograms depicted in the main panel. b Relationship between
anodic (@) and cathodic (b) peak currents and scan rates
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containing H,O, (Fig. 5a and b). However, by use of
ferricyanide-MCM-41(m)/CPE, upon addition of H,O, to
the solution, the shape of the cyclic voltammogram of
modified electrode changes dramatically with an increase of
the reduction current in potential of 0.3 V (compare Fig. 5c
and d). This behavior is typical of that expected for
mediated reduction as follows:

2 [Fe (CN)s> + 2¢ = 2 [Fe(CN)* E 1)
T
1
2 [Fe (CN)s]* + H,0, + 2 H* — 2 [Fe (CN)e]* + 2 H,O C %)

The effect of pH on catalytic current was investigated.
As can be seen in Fig. 6, with increasing pH, the catalytic
effect of the modified electrode decreased, which can be
attributed to the fact that oxidizing strength of H,O,

d
02 o0 02 04 06 08
E /V vs. Ag| AgCl|KCl (3M)

Fig. 5 Cyclic voltammograms of ferricyanide unmodified and
modified electrodes in HCI 1 M in the absence (a and ¢) and presence
of 0.03 M H,0, (b and d), respectively. Scan rate 10 mV s~
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Fig. 6 Cyclic voltammograms of ferricyanide modified electrode in
the presence of 0.03 M H,0, at different pH values: @ 0.0, 5 1, ¢ 1.5,
and d 2. Scan rate 10 mV s !

depends strongly on pH, and at acidic conditions, hydrogen
peroxide acts as a powerful oxidant agent. Also, ferro/
ferricyanide will be protonated to some extent, and this may
affect the catalytic cycle as well. Therefore, HCl 1 M
(pH 0.0) was selected as the optimum medium for
determination of H,O,. It must be noted that, in this pH,
adding of supporting electrolyte such as KCIl and KNO; has
no effect on cyclic voltammograms (not shown) because of
the high concentration of protons. Figure 7 shows cyclic
voltammetric curves for the H,O, sensor in 1 M HCI. As
can be seen, the reduction current increases linearly with
increasing H,O, in the concentration range of 1 to 30 mM.
It is of great importance to mention that the oxidative peak
did not disappear after the onset of the reductive catalysis.
Such behavior was previously reported for H,O, reduction

Fig. 7 a Cyclic voltammograms 20
of ferricyanide modified elec-

trode in HC1 1 M containing 0,

1, 5,8, 11, 19, and 30 mM of 10
H,0, from a to g at 10 mV st

b Plot of catalytic current vs 0

H,0, concentration

on cytochrome c¢ immobilized on the nanometer-scale
nickel oxide surfaces on the GC electrode [33]. This
phenomenon could be attributed to the fact that most of
the adsorbed ferricyanide is probably not catalytically
active.

Stability of the modified electrode

After using the modified electrode for electrocatalytic
reduction of H,O,, and also after storage for a week of
modified electrode at room temperature, it could retain the
direct electrochemistry of the immobilized ferrycianide
upon the continuous cyclic voltammetric sweep in acidic
medium. Storage period of a week in room temperature did
not change the currents for the direct electron transfer and
the responses to H,O,.

Conclusion

In this work, a modified CPE containing organically
modified MCM-41 [MCM-41(m)] was used as a support
for immobilization of ferrycianide. The electrochemical
behavior of this modified electrode was studied in different
pH values and in different potential sweep rates. Results
show that the behavior of ferrycianide immobilized in pores
of MCM-41(m), especially its pH-dependent electrochem-
ical behavior, is different from the behavior of ferrycianide
in aqueous solution. This modified electrode has many
advantages, such as fast response, good chemical and
mechanical stability, and clean determination of H,0,
without leaching of ferricyanide to the analyte solution.
Introducing MCM-41(m) in CPE provides an efficient
strategy for the study of electron transfer of ferrycianide
and the development of biosensors.

0 0.2 04

E/V vs. Ag| AgCl|KC1 (3M)
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