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Abstract SiO,/Sb,O5; (SiSb), having a specific surface
area, Sggt, of 788 m> g_l, an average pore diameter of
1.9 nm and 4.7 wt% of Sb, was prepared by the sol-gel
processing method. Meldola’s blue (MeB), methylene
blue (MB) and toluidine blue (TB) were immobilized on
SiSb by an ion exchange reaction. The amounts of the
dyes bonded to the substrate surface were 12.49, 14.26
and 22.78 ymol g~! for MeB, MB and TB, respectively.
These materials were used to modify carbon paste elec-
trodes. The midpoint potentials (E,,) of the immobilized
dyes were —0.059, —0.17 and —0.18 V vs. SCE for SiSb/
MeB, SiSb/MB and SiSb/TB modified carbon paste
electrodes, respectively. A solution pH between 3 and 7
practically did not affect the midpoint potential of the
immobilized dyes. The electrodes presented reproducible
responses and were chemically stable under various ox-
idation-reduction cycles. Among the immobilized dyes,
MeB was the most efficient to mediate the electron
transfer for NADH oxidation in aqueous solution at
pH 7. In this case, amperometric detection of NADH
at an applied potential of 0 mV vs. SCE gives linear
responses over the concentration range of 0.1-
0.6 mmol L', with a detection limit of 7 pmol L™".
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Introduction

The binary oxides SiO,/M,Oy obtained by the sol-gel
processing method have found many applications in
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recent years [1, 2, 3, 4, 5, 6, 7, 8, 9]. The materials
obtained have combined the mechanical properties of
the silica matrix with the chemical properties of the bulk
metal oxides. The sol-gel process permits obtaining a
solid with controlled porosity and the metal oxide can be
obtained as highly dispersed particles in the matrices [8].
Basically, the procedure consists of a reaction between
the reagents tetraethyl orthosilicate, Si(OEt),, and the
metal oxide precursor, M(OR’),:

Si(OEt), +xM(OR’),

solv + acid
—

Si0,/M, 0, + 4EtOH + xyR'OH (1)

The growing interest in using these materials as a
porous substrate to immobilize electroactive species is the
possibility to prepare a series of electrochemical sensors
(chemically modified electrodes) [1, 2, 10, 11, 12, 13].

Studies have demonstrated that Meldola’s blue
(MeB) and toluidine blue (TB) can be immobilized on a
SiO, matrix grafted with TiO, and, furthermore, used to
prepare modified carbon paste electrodes for use as
electrochemical sensors for NADH [14] or oxalate ion
[15]. Methylene blue (MB) and MeB have also been
immobilized on bulk zirconium phosphate [16, 17], on
silica-titanium phosphate [13] or on silica-zirconia-anti-
monia [2] prepared by the sol-gel processing method. In
these three cases the main characteristic was that mod-
ified carbon paste electrodes made with the materials
with immobilized dyes, immersed in solutions with a
wide range of pH, showed a constant midpoint poten-
tial, in contrast to those observed for the dyes in the
solution phase [18] or when immobilized on a graphite
surface [19, 20]. The shift of E, toward more positive
values is desirable to enhance the redox reaction between
NADH and mediator, resulting in more efficient elect-
rocatalysis [21].

Antimony(III) oxide has been used in numerous ap-
plications: as a flame retardant [22, 23, 24, 25], as the
main component for glass formation [26], as a catalyst
[27, 28, 29, 30] and as an ion exchanger [31, 32]. Within
these applications, its use as an ion exchanger is of
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particular interest. However, the oxide as the substrate
base to adsorb electroactive species presents limitations
because the powder obtained shows a low mechanical
resistance. To increase such mechanical resistance the
mixed oxide SiO,/Sb,0;, prepared by the sol-gel meth-
od, was used as the substrate base to adsorb, by an ion
exchange reaction, MeB, MB and TB.

Electrochemical studies of the immobilized dyes fixed
on a porous matrix surface, aimed at developing an
electrode presenting high sensitivity and chemical sta-
bility, are described in this work. The electrodes made
with the material were tested in the electron-mediated
process for NADH electrooxidation.

Experimental

Preparation of SiO,/Sb,O3 mixed oxide

The mixed oxide SiO,/Sb,03, hereafter designated as SiSb, was
prepared according to the following procedure. To 210 mL of a
50% (v/v) solution of ethanol/TEOS (TEOS—tetraethyl orthosili-
cate) were added 12 mL of 3.5 mol L™! HCI. The mixture was
stirred for 3 h at 330 K. After the pre-hydrolysis step, 22 g of SbCl;
was added and the mixture stlrred for 3 h at room temperature. An
additional 6.0 mL of 3.5 mol L™' HCI solution was added and the
mixture stirred for 2 h more at room temperature. The solvent was
slowly evaporated at 333 K until gel formation. The gel obtained
was ground and sieved between 60 and 200 mesh and the resulting
particles washed with ethanol in a Soxhlet extractor for 8 h. Fi-
nally, the material was washed with 250 mL ofO 1 mol L™! HNO;,
bidistilled water, dried under vacuum (1.3x1072 Pa) and stored.

Scanning electron microscopy

A JEOL JSM T300 scanning electron microscope (SEM), equipped
with an energy dispersive (EDS) microprobe from NORAN In-
struments, model series 2, was used to obtain the micrographs of
the material. The samples were dispersed on double-faced con-
ductive tape on a copper support and coated with gold using
BALZER MED 020 equipment.

Specific surface area and chemical analysis of SiSb

The specific surface area, Sggt, and the average pore diameter were
measured by the BET multipoint technique on a Micromeritics
model ASAP 2010 apparatus. The antimony content in SiSb was
determined by using X-ray fluorescence analysis on a model 5000
spectrometer equipped with beryllium window (Tracor X-Ray).

Dye immobilization on SiSb

MeB, MB and TB (Fig. 1) were adsorbed on the SiSb matrix from
a solution phase. About 0.5 g of SiSb was immersed in 50 mL of
the dye solutlon with dye concentrations between 4.0x107> and
1.0x107® mol L', The mixtures were shaken for 30 min, the time
required for the system to achieve equilibrium. The change of the
dye concentrations in the solution phase, before and after equi-
librium, was measured by spectrophotometry and the amount of
incorporated dye, Ng, in the matrices was determined by applying
the equation: Ny=(N,—N;)/m, where N, and N are the initial and
final (equilibrium) mole numbers of the dye in the solution phase,
respectively, and m is the mass of the material. The materials
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Fig. 1 Structural formulae of the dyes studied: A Meldola’s blue, B
methylene blue and C toluidine blue

obtained, SiO,/Sb,03;/MeB, SiO,/Sb,03/MB and SiO,/Sb,0;/TB,
will be hereafter designated as SiSb/MeB, SiSb/MB and SiSb/TB,
respectively.

UV-visible spectra of the dyes on SiSb

The UV-visible spectra of the solid samples were obtained as a mull
in hydrocarbon oil between quartz plates with a 0.1 mm path
length. The measurements were carried out on a Beckman DU 640
spectrophotometer.

Electrochemical measurements

All the measurements were carried out under a pure nitrogen at-
mosphere in a cell with three electrodes: saturated calomel (SCE) as
the reference electrode, platinum wire as the counter electrode and
a modified carbon paste electrode as the working electrode. The
modified carbon paste electrode was prepared by mixing 30 mg of
graphite and 30 mg of binary oxide containing the immobilized dye
(SiSb/dye) with hydrocarbon oil as the binder. The measurements
were performed on a PAR model 273 A (EG&G) potentiostat-
galvanostat apparatus. The supporting electrolyte used in the ex-
periments was 0.2 mol L™' KCI and the solution pH was adjusted
through additions of HCI or KOH.

The electrocatalytic properties for NADH oxidation of the
SiSb/dye-modified carbon paste electrodes were investigated by
cyclic voltammetry and amperometry using addltlons of freshly
prepared NADH solution in 2 0.06 mol L™' phosphate buffer
solution containing 0.2 mol L™' KClI solution.

Results and discussion
Characterization of the materials

The SiSb binary oxide prepared by the sol-gel method
resulted in a highly porous material with a specific sur-
face area, Sger, of 788 m? g~! and an average pore di-
ameter of 1.9 nm. The amount of Sb incorporated in the
binary oxide was 4.7 wt% (0.39 mmol g™ ).



Figure 2 show the EDS Sb mapping image obtained
for the SiSb material. The white points in Fig. 2 are due
to the antimony L, radiation energy at 3.6 keV [33, 34].
It can be observed from the EDS image that the Sb
atoms are, within the magnification used, uniformly
dispersed without any detectable islands of the oxide
particles in the matrix. This homogeneous dispersion of
the metal oxide in the matrix is an important charac-
teristic for applications of the material.

The amounts of the dyes immobilized on the matrix
are presented in Table 1.

Molecular associations of the dyes

Since the dyes can form molecular associations, nor-
mally as dimers and sometimes as higher order aggre-
gates, in the solution phase [35, 36] and since such
behavior could persist in the solid phase, SiSb/dye with
different dye loadings was obtained. The reason is that
the redox potential can be affected by the nature of ag-
gregation of the dyes in the solid matrices. Figure 3
show the spectra in the solid phase obtained for SiSb/
MB with different dye loadings and the spectra were
compared with MB in aqueous solution. The peak at the
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Fig. 2 Energy dispersive scanning image (EDS) of antimony. Bars
indicate 10 pm

Table 1 Amounts of the dyes immobilized on SiSB,E,, values and
the dimeric/monomeric ratio

SiSb/dye Amount En Dimeric/monomeric
(umol g7')  (mV vs. SCE) ratio®
SiSb/MeB  33.4 -80 2.0
12.5 -59 1.3
3.6 -53 0.9
SiSb/MB 35.1 —-185 1.3
14.3 -172 0.8
3.6 -102 0.5
SiSb/TB 22.8 —-189 2.3
13.7 —184 1.2
35 —138 0.6

“Dimeric/monomeric ratio=d/m
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lower wavelength, ~610 nm, is due to the dimeric spe-
cies and at the higher wavelength, ~660 nm, is due to
the monomeric species [36, 37]. Estimations of the rela-
tive amounts of both species by determining the band
areas under the deconvoluted peaks were made and the
results obtained are listed in Table 1. It is clearly ob-
served that the monomeric species predominated in
more dilute dyes. This effect may affect the electro-
chemical behavior of the dyes.

Table | also lists the results obtained for SiSb/MeB
and SiSb/TB, following similar procedures. The spectra
of these last two solids are not shown because they are
similar to that of SiSb/MB.

Electrochemical studies

As discussed above, the dyes adsorbed on the matrix
show the same tendencies to associate as dimeric
or higher order species as observed in the solution
phase. As a consequence, the midpoint potential E,,
[En=(E,+ E.)/2, where E, and E_ are the anodic and
cathodic peak potentials] is also affected by this ten-
dency for association. It is clearly observed by the data
listed in Table 1 that in every case E,, values become
more positive as the dimeric/monomeric ratios (d/m)
decrease. This behavior may affect the electrocatalytic
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A/ nm A/nm
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Fig. 3 UV-vis absorption spectra of MB in aqueous solution (1,
2.0x107* 2, 5.0x107>; 3, 1.25x107> mol L") and of SiSb/MB with
different amounts of adsorbed methylene blue (4, 35.2; §, 14.3; 6,

3.6 pmol g7')
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activity, since the thermodynamic driving force of the
reaction can be increased.

Figure 4 shows the cyclic voltammograms of the
modified carbon paste electrode of SiSb/MB, for various
dye loadings in the matrices, obtained in 0.5 mol L™!
supporting electrolyte solution at a scan rate of
20 mV s~'. Sweeping the potential between —0.4 and
0.3 V, no peak currents for the SiSb-modified carbon
paste electrode (Fig. 4a) are observed. For the MB
adsorbed solid modified carbon paste electrode
(Fig. 4b—d), well-defined anodic and cathodic peaks are
observed. The intensities of the peak currents for the
electrodes used depend on the amount of dye loading in
the matrices. For SiSb/MB a higher peak current
intensity and peak definition were obtained for a dye
loading of 14.3 pmol g7! (d/m=0.8) (Fig. 4d). For
electrodes prepared containing the materials with
35.1 umol g”' (d/m=1.3) and 3.6 pmol g~ (d/m=0.5)
loadings, a significant decrease in the peak current in-
tensities is observed (Fig. 4b, ¢). For a lower loading the
amount of electroactive species is low and the current is
lower, as expected. However, a higher loading should
block some electroactive species in the pore of the
matrix, decreasing the signal. A diminishing effect of the
surface acidity is observed by the E,, values. For this
reason, the electrode with a MB loading of
14.3 ymol g7' was used in all further experiments.
Similarly, for the SiSb/MeB and SiSb/TB electrodes,
matrices having 12.5 umol g7!  (d/m=1.3) and
22.8 pmol g~! (d/m=2.3), respectively, were used.

The midpoint potentials for the dyes found on the
graphite-modified surface electrodes (against SCE) at
solution pH 7 are: (1) MeB, —-0.17 [19], (2) MB, -0.27
[17] and (3) TB, —0.3 V vs. SCE [21]. These potentials
are influenced by changing the solution pH and nor-
mally shift toward more positive values as the pH is
lowered. For the dyes adsorbed on SiO,/Sb,0j3, such
behavior was not observed for the solutions and the
midpoint potentials of the adsorbed dyes were shifted
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Fig. 4 Cyclic voltammograms obtained for SiSb (a) and for SiSb/
MB: (b) 3.6 umol g7', (¢) 35.1 pmol g”! and (d) 14.3 pmol g~'.
Measurements in 0.5 mol L™' KCI at a scan rate of 20 mV s~

toward more positive values and remained constant
between pH 3 and 7, i.e. —0.059, —0.17 and —0.18 V vs.
SCE for MeB, MB and TB, respectively. Presumably the
reduced form of the adsorbed dye is more stabilized
inside the matrix pores [38]. Since these dyes are also
strongly entrapped inside the matrix pores (they are not
leached from the surface at least at pH 2 in 0.5 mol L™
KCI supporting electrolyte solution), they are not af-
fected by the external solution pH change. This behavior
cannot be explained by a simple ion exchange adsorp-
tion. An interaction of the acid-base type is more con-
venient to explain such behavior.

An experiment that clearly showed that the dyes are
strongly adsorbed inside the matrix pores is the experi-
ment where the anodic current (Ip,) intensities were
checked after several reduction-oxidation cycles. After
300 cycles the peak current intensities remained practi-
cally constant for the electrodes, showing that the dyes
are not leached out from the matrix surfaces. This is an
important aspect since surface dye concentrations re-
maining constant during various oxidation-reduction
operation cycles is a desirable condition for use of these
materials as electrochemical sensors.

Plotting Ip, against the square root of the scan rates
(Fig. 5), a linear correlation was obtained in every case
(r=0.999), results which are very similar to those ob-
served for diffusion-controlled processes [39]. However,
as the electroactive species are strongly immobilized on
the matrix surfaces, electrolyte diffusion in and out at
the solid/solution interface during the redox process, in
order to keep electroneutrality, could explain the ob-
served behavior. The material SiO,/Sb,O3 has a con-
siderably high internal resistance due to the insulator
character of silica, and thus an alternative to electron
transfer could be an electron hopping mechanism, i.e.
electrooxidation of the dye on the surface should occur
by a process of an electrooxidized dye molecule oxidiz-
ing an adjacent one. The low current observed for lower
loading of the dyes could reinforce this suggestion.
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Fig. 5 The cathodic peak current dependence on the scan rate
obtained for SiSb/MeB (squares), SiSb/MB (circles) and SiSb/TB
(triangles). Measurements in 0.2 mol L™' KCI, pH 6



Electrocatalytic NADH oxidation

The ability of the electrode in catalyzing NADH oxi-
dation was tested for each of the three dyes. The pre-
liminary experiments were carried out by using the cyclic
voltammetry technique. Figure 6 shows the electro-
chemical behavior of the SiSb/MB-modified carbon
paste electrode in the presence of NADH at a solution
pH of 7. The curves obtained with NADH (Fig. 6B)
show that the anodic wave of the mediator increased in
comparison with that observed without the coenzyme
(Fig. 6A), in a feature similar to that reported for
electrocatalytic oxidation of NADH by a similar medi-
ator [40]. Similar results were also obtained for elec-
trodes modified with MeB and TB and, thus, these cyclic
voltammetry curves are not presented.

Figure 7 shows the response curves of the SiSb/dye-
modified carbon paste electrodes as a function of

40
30
20

10

1/ uA

-104

-20

-30

04 -03 0.2 01 0.0 0.1 02
E/V vs SCE

Fig. 6 Cyclic voltammogram curves for SiSb/MB: (A4) in the
absence of NADH and (B) in the presence of 10 mmol L
NADH. Measurements in 0.06 mol L™ KCl/0.2 mol L™! phos-
phate buffer solution, pH 7, at a scan rate of 20 mV s

451
4.0 .
3.5
3.0

2.5

I/ uA

2.0+
1.54
1.0 °

0.5+

A

0.0 e

0 200 400 600 800 1000 1200
[NADH] / ymol I"

Fig. 7 Calibration plot for NADH obtained with carbon paste
electrodes modified with SiSbMeB (squares), SiSb/MB (circles) and
SiSb/TB (triangles) in 0.06 mol L™ KC1/0.2 mol L' phosphate
buffer solution, pH 7, at an applied potential of 0 mV vs. SCE
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Table 2 NADH electrooxidation using the organic dyes immobi-
lized onto SiSb. Experiments carried out in 0.2 mol L' KCl/
0.06 mol L™ phosphate buffer solutions

SiSb/dye  E, LR? st DL°

(mV) (mmol L™") (mA Lmol™") (umol L™
SiSb/MeB  -76  0.1-0.6 4.6 7
SiSb/MB  —124  0.1-0.6 1.8 25
SiSb/TB 141 0.4-1 0.5 42

4LR =linear response range
°S =sensitivity
‘DL = detection limit

NADH concentration. The data were obtained from
chronoamperometric experiments, where the potential
was fixed at 0 mV vs. SCE, to electrocatalyze all NADH
present on the surface of the electrode. Among the me-
diators studied, MeB, with a higher E,,, showed better
electrocatalytic activity in terms of current for NADH
oxidation. Among the phenoxazine mediators studied
earlier [41], the faster reaction was with immobilized
MeB. The linear response range was the same for SiSb/
MeB and SiSb/MB, but the former gave higher sensi-
tivity and a lower detection limit. The detection limit
was determined considering a signal-to-noise ratio equal
to three. The parameters obtained for the each dye im-
mobilized onto SiSb for NADH electrooxidation are
presented in Table 2.

Conclusions

Some organic dyes (MeB, MB and TB) were immobi-
lized into SiSb prepared by the sol-gel processing
method. Carbon paste modified with this material,
having dyes immobilized on its surface, showed high
chemical stabilities, assigned to the strong adsorption of
the dyes on the matrix. When the monomeric species is
predominant, the acidity of the matrix is more pro-
nounced, as could be observed by the E,, value. The
resulting SiSb/dye-modified electrodes exhibit electro-
catalytic ability of differing degrees for NADH oxida-
tion. The shift in the formal potential of the immobilized
organic dyes toward more positive values and its in-
variance with solution pH make SiSb/MeB an interest-
ing material for biosensor development, coupled to a
dehydrogenase enzyme.
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