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Abstract SiO,/TiO,/graphite (STG) electrically conduct-
ing material, prepared by the sol-gel processing method,
was used as substrate base for the chemical immobilization
of Sb(V) by formation of the Ti-O—Sb linkage. The surface
modified material, STGSb, was characterized by X-ray
photoelectron spectroscopy and scanning electronic micros-
copy coupled to energy dispersive spectroscopy. The results
showed the Sb(V) homogeneously dispersed on the STG
matrix surface, with no phase segregation or isolated pure
oxide domains. An electrode prepared with the STGSb
material was used to adsorb the electroactive cationic dye
meldola blue. The modified electrode, STGSb/MB, pre-
sented good performance toward electrocatalytic oxidation
of the coenzyme [3-NADH (nicotinamide adenine dinucle-
otide). The electrode was shown to be very stable and
allowed the electrochemical detection of NADH at low
electrode potential (—0.14 V), which is an interesting
feature of the system since in this potential range it is
possible to minimize surface fouling and electrode passiv-
ation. The support material (STGSb) has proven to have
great potential to be applied in the construction of various
new electrochemical sensors based on cationic dyes
presenting redox properties.
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Introduction

Porous mixed oxides like SiO,/M,O, (M=Ti(IV), Zr(IV),
Sn(IV), Nb(V)) have been described in the literature as ver-
satile materials to be applied in several areas [ 1-5], including
electrochemistry [6—8]. This property results from the abili-
ty of these mixed oxides to react and immobilize on their
surface acid species with ion exchange capacities such as
phosphate groups attached onto SiO,/TiO, and SiO,/ZrO,
composites [9, 10]. The resulting acidic system can be used
to adsorb electroactive molecules by ion exchange reac-
tions, and these solids have presented suitable features to be
applied in the development of electrochemical sensors [11].

Antimony oxide, Sb,Os, is a well-known material
having good Brensted acid properties, but its poor
mechanical properties do not allow its direct application
in electrochemical devices. One field in which Sb,Os has
been extensively studied is for the preparation of antimony-
doped tin oxide anodes on titanium substrates (Ti/SnO,—
Sb,05), which have shown good catalytic properties toward
the electrochemical oxidation of organic contaminants,
playing an important role in the disinfection of water,
wastewater, and the treatment of industrial waste streams
[12—15]. One possible alternative that makes Sb,Os an
interesting material to be applied in the development of new
electrochemical sensors is the dispersion of Sb,O5 into rigid
matrices [16, 17], i.e., the binary mixed oxides SiO,/M,O,
cited above, which gives it the mechanical and chemical
stability necessary to obtain good performance. This paper
describes the surface modification of a conducting carbon
ceramic composite material consisted of SiO,/TiO,/graphite
[18], aiming to immobilize the Sb,Os species on its surface.
This material was then utilized in the adsorption of an
electroactive cationic dye (meldola blue) and in the
construction of an efficient carbon ceramic electrode for
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NADH (f3-nicotinamide adenine dinucleotide) electrochem-
ical detection. NADH is an important molecule in many
biochemical reactions acting as a coenzyme for a series of
dehydrogenaze enzymes. Its direct determination on bare
electrode surfaces occurs at high overpotential [19, 20],
generally resulting in the rapid passivation and fouling of
the electrode surface [21, 22]. Thus, there is a great need for
a practical method to decrease the large overvoltage (=1 V)
observed in direct electrochemical oxidation of NADH at
conventional electrodes. The proposed electrode is prepared
without the use of organic binders and represents an alter-
native to the so-called carbon paste electrodes, specifically
those ones prepared with non-conducting sol—gel materials.
The development of a new electrode material as well as the
adsorption of an electrochemical mediator, which promotes
an indirect oxidation of NADH at low potential, is here
proposed as a good alternative to overcome these problems.

Experimental
Surface modification of SiO,/TiO,/graphite

The SiO,/TiO,/graphite (STG) composite was prepared by
the sol-gel processing method according to a procedure
described elsewhere [18, 23].

About 10 g of STG presenting 55 wt.% SiO,/16 wt.%
Ti0,/29 wt.% graphite and a specific surface area of Sgpr=
258 m” g ! was immersed in 250 mL of an acidic aqueous
solution (2.5 M HCIl (Nuclear) of 0.5 M SbCls; 99%,
Aldrich). The mixture was stirred at 333 K for 4 h. The
solid was filtered, washed with 1.0 M HCI solution in order
to avoid Sb(V) hydrolysis, and then washed with deionized
water until the washing solution achieved a pH between 5
and 5.5. The sample obtained was designated as STGSb.

Scanning electron microscopy

Secondary electron images were acquired in a JEOL JSM
6360LV scanning electron microscope, operating at 20 kV.
Energy dispersive X-ray spectroscopy (EDS) was used for
elemental mapping on a Noran System Six instrument. The
sample was fixed onto double-faced carbon tape adhered to
an aluminum support and carbon-coated in a Bal-Tec
MD20 instrument.

X-ray photoelectron spectroscopy

The X-ray photoelectron (XPS) spectra of the sample were
obtained by using an aluminum anode (AlKa=1,486.1 eV)
at a pressure of 2.63x10°Pa on a McPherson ESCA-36
spectrometer. The binding energies were calibrated against
the Si2p level (103.5 eV) [24].
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Preparation of the working electrode/electrochemical
measurements

The working electrode was prepared by pressing 30 mg of
STGSb under a pressure of 5 tons. The resulting self-
supported disk (3 mm radius) was glued to the end of a
glass tube. A copper wire linked to the disk by graphite
powder inserted inside the tube made the electrical
contact. The immobilization of the electroactive dye was
carried out by immersing the working electrode into a
1.0x10"*M aqueous solution of meldola blue (MB") for
half an hour. Next, the electrode was washed with
bidistilled water.

The electrochemical measurements were carried out on
an Autolab PGSTAT 20 potentiostat-galvanostat appara-
tus, using a classical three-electrode cell. A saturated
calomel electrode (SCE) was used as the reference elec-
trode, a platinum foil as the auxiliary electrode, and a
pressed disk of STGSb as working electrode. All measure-
ments were carried out in 0.1 M phosphate buffer solution
at pH7.5.

Results and discussion
Scanning electron microscopy and EDS mapping

Figure 1 shows the scanning electron microscopic images
of STGSb and the energy dispersive scanning images of Si,
Ti, and Sb mapping.

The scanning electron microscopy (SEM) micrographs
of STGSb presented in Fig. la—c, within the magnification
used, show that there are no distinguishable separated
phases. The EDS images also show that the components are
homogeneously dispersed in the sample with no detectable
agglomeration of segregated metal oxide particles.

X-ray photoelectron spectroscopy

The XPS spectra for STGSb sample are presented in Fig. 2.

The binding energies of Sb 4d, Sb 3d;/,, and Sb 4p in the
STGSb confirm the incorporation of Sb(V) on the STG
matrix. The energy values are in agreement with those for
pure bulk Sb,Os and indicate the presence of this species
on the surface.

The incorporation of Sb(V) on the matrix surface can be
described by the reaction between the surface =Ti—OH
groups and the acid sites of Sb(OH)s, forming the linkage
(Ti-0),Sb(OH)s_,, according to the reaction [16, 25]:

nGSiO, /TiOH + Sb(OH); — (GSiO,/Ti0),Sb(OH),_,+nH,0

(1)
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Fig. 1 Scanning electron
microscopic images of STGSb
in a, b, and ¢ and the
corresponding EDS images for d
Si mapping, e Ti mapping, and f
Sb mapping

It must be remembered that Sb(V) does not react with
silanol (=Si—~OH) groups in aqueous acid solutions, except
when SiO,, dried under vacuum, is reacted with SbCls in an
aprotic solvent under a water free atmosphere [26, 27]. It
has been observed that Si-O-Sb bond formed under such
conditions is broken in strong acid solution, and the metal
Sb(V) is released to the solution phase.

The BE values for Ti2p3, and Ti2p;, in STGSb are
shifted upward when compared to pure TiO, phase. These
dislocations to higher energies confirm our hypothesis and
are related to the interaction of Ti with Sb. The linkage Ti—
O-Sb polarizes this bonding, decreasing the electron density
on the Ti atom since the Sb atom is more electronegative so
that the Ti2p BE is shifted to higher energy values.

Electrochemical measurements

After the working electrode preparation, the adsorption of
the electroactive cationic dye meldola blue (MB") was

carried out by immersing the STGSb electrode into an
aqueous solution of MB™. The adsorption of the electro-
active species occurs by an ion exchange reaction, as
described below:

= SbOH + MB* —= SBO"MB" + H* (2)

where SbOH stands for hydrated antimony(V) dispersed on
the STG matrix. The modified electrode will hereafter be
designated as STGSb/MB.

Figure 3 shows the cyclic voltammograms of STGSb
(curve (a)) and STGSb/MB (curve (b)), obtained in 0.1 M
phosphate buffer solution (pH7.5) at a scan rate of 20 mV s .

In Fig. 3 (a), the electrode STGP showed no peak current
in the potential range between —0.4 and 0.2 V, indicating no
redox process at the electrode surface. In contrast, in Fig. 3
(b) for the modified STGSb/MB electrode, a well-defined
redox couple £,,=—0.1 and E|,;=—0.21 V are observed. The
corresponding anodic and cathodic peak current intensities,
ipa and iy, were shown to remain constant after several
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Fig. 2 XPS spectra for STGSb: a Sb 4d, b Sb 3d;,, ¢ Ti 2p, and d Si 2p and Sb 4p

consecutive scanning cycles, indicating that the dye is
strongly retained on the matrix surface, presumably
confined inside the matrix pores since, on the time-scale
of the experiment, no release of the dye to the solution
phase is detected.

The peak current for a strongly adsorbed electroactive
species is given by Eq. 3 [28-31]:

W F2AT'v
P 4RT G)

where 4 is the geometrical surface area, v is the scan rate
(V s, I'is the surface concentration of the electroactive
species, and the other symbols have their usual meanings.

The adsorptive or surface confined redox process
behavior of meldola blue was confirmed by registering
cyclic voltammograms at various potential scan rates from
10 up to 100 mV s' (Fig. 4a).

The linear correlation of the /, with the scan rates, v,
clearly shows a redox process of strongly adsorbed electro-
active species on the electrode surface (Fig. 4b). From the
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Fig. 3 Cyclic voltamogramms of the (@) STGP and () STGP/MB
electrodes. Measurements carried out in 0.1 mM phosphate buffer
solution (pH 7.5). Scan rate: 20 mV s
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Fig. 4 a Cyclic voltamogramms of the STGSb/MB electrode in 0.1 M phosphate buffer solution (pH7.5) at potential scan rates of (/) 10, (2) 20,
(3) 40, (4) 60, (5) 80, and (6) 100 mV s '; b plot of I,— v obtained from a

slope of the plot of I, vs scan rate, the surface electroactive
species concentration was estimated, giving a value I'=
1.2x10°mol ecm™? for an electrode with a geometric
surface area 4=0.28 cm>.

The solution pH dependence on the electrochemical
behavior of meldola blue on the STGSb/MB electrode was
studied in different buffer solutions (pHS5.0-7.5) in the
absence of NADH. A pair of well-defined redox peaks with
nearly equal currents, and strong pH dependence was
obtained for adsorbed meldola blue at the different pH
values. Both reduction and oxidation peak potentials of the
MB'/MBH redox couple shifted negatively with an
increase in pH. The midpoint potential of the surface redox
couple, taken as the average of anodic and cathodic peak
potentials, Ey, = (Epa + Epc) /2, was linearly pH dependent

" 02 01 00 0.1

E/V vs CSE

between 5.0 and 7.5, with a slope of 0.20 V per unit of pH
(data not shown) indicating that the electrode reaction
involves one proton and two electrons [32].

Electrocatalytic oxidation of NADH

The electrocatalytic activity of meldola blue adsorbed on
STGSb/MB electrode was tested for NADH oxidation.
Figure 5 shows the cyclic voltammograms of STGSb and
STGSb/MB electrodes in the absence and presence of
10 mM NADH.

Figure 5a shows that no peak current is present for the
STGSD electrode when cycling the potential between —0.35
and 0.05 V in the absence (curve 1) and presence (curve 2)
of NADH at 10 mM in 0.1 M phosphate buffer solution

1/pA

-20 — T
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T T T T 1

" 02 -01 00 01 02
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Fig. 5 Cyclic voltammograms for a STGSDb electrode in the absence (curve 1) and the presence of NADH (10 mM; curve 2), b STGSb/MB
electrode in the absence (curve 1) and the presence of NADH (10 mM; curve 2)
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(pH7.5). However, when the same experiment was carried
out with the modified electrode (STGSb/MB), there is a
dramatic enhancement of the anodic peak current and the
cathodic peak current disappears completely (Fig. 5a, curve
2), which is very characteristic of an electrocatalytic
oxidation process. The anodic peak potential for oxidation
of NADH at the STGSb/MB electrode is about —0.14 V
(Fig. 5b, curve 2), while at an unmodified STGSb electrode
under identical conditions, it is more than 1 V and exhibits a
peak current (Fig. 5a, curve 2) lower than that observed
with a STGSb/MB electrode.

The low potential applied to carry out this analysis is an
important feature of our system, placed in a potential range
between 0 and~—0.2 V where contributions to the response
from easily oxidisable species are negligible, where
molecular oxygen is not electrochemically reduced, and
where the potential of zero charge is found for most
electrode materials, resulting in low background current
and noise [33].

The plot of the peak current I, vs the square root of the
potential scan rate v'* obtained from voltammograms of
the STGSb/MB electrode in 0.1 M phosphate buffer
solution (pH7.5) containing 10 mM NADH, shows that
the oxidation currents for NADH increase linearly with the
square root of the scan rate in the range studied. These
results show that the overall electrochemical oxidation of
NADH at this electrode might be controlled by the
diffusion of NADH from solution to the redox sites of
STGSb/MB electrode.

Characterization of the electrode

In order to obtain the analytical curve for the electrode,
chronoamperograms for NADH oxidation were carried out
at several NADH concentrations in 0.1 M phosphate buffer
at pH7.5 (applied potential —0.14 V). The proposed sensor
shows a large linear response range from 0.0009 to 7.29 M
(Fig. 6), which can be expressed according to the following
equation:

I, /pA = 0.15(£0.03) + 0.943(£10.6)[NADH]/(mM)
(4)

with a correlation coefficient of 0.999. A detection limit of
0.003 mM was determined using a 3o/slope ratio, where o
is the standard deviation calculated from the ten back-
ground current values (blank measurements), determined
according to [UPAC recommendations [34].

The stability of the STGSb/MB electrode was checked in
the presence of 10 mM NADH by performing successive
voltammetric measurements in 0.1 M phosphate buffer
solution (pH7.5). After 200 voltammetric measurements,
no change was observed in the response of the modified
electrode.
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Fig. 6 Calibration plot for the electro-oxidation of NADH obtained in
phosphate buffer solution at pH7.5 for the concentrations: 0.0009,
0.0039, 0.009, 0.02, 0.07, 0.08, 0.16, 0.63, 0.78, 1.55, 3.05, 5.92, and
7.29 mM. E,pp=—0.14 V vs SCE

The STGSb/MB electrode presented good repeatability
for the NADH determination, tested using cyclic voltamme-
try. The relative standard deviation for ten determinations of
10 mM NADH was 1.49%. These results indicate that the
STGSb/MB electrode has good stability and repeatability,
probably due to the ability of STGSD to fix meldola blue on
the electrode surface in a stable and reproducible way.

When compared to the SiO,/TiO,/phosphate/graphite
system (STGP/MB) [18], the SiO,/TiO,/Sb,0s/graphite
(STGSb/MB) carbon ceramic electrode has showed a lower
detection limit, higher sensitivity, and a wider linear
response range for NADH determination. This behavior
can be related to a more effective interaction between the
meldola blue mediator and the stronger acid sites of
antimonate than those of phosphate species, which results
in higher affinity between the catalist and the analite, and
consequently higher efficiency in the electron transfer
processes. This possibility is also evidenced by the
influence of the solution pH on the midpoint potential
(E,) of the surface redox couple MB"/MBH. In both cases,
a linear correlation between E,, and pH is observed, but
with distinct slopes. A lower dependence was noted for the
STGSb/MB system, which probably means that the electro-
active mediator is adsorbed on surface groups with higher
acidity and more strongly held by electrostatic interactions
compared to STGP/MB [35].

Conclusions

Chemical modification of a conducting STG composite
material was successfully carried out by immobilizing Sb
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(V) on its surface through reaction with=Ti—-OH and
formation of the Ti—-O-Sb bond. The resulting material,
STGSb, was analyzed by X-ray photoelectron spectroscopy,
which showed the incorporation of Sb(V), probably
through the formation of a titanium antimonate phase.
SEM images coupled to surface element mapping (EDS)
indicate that there is no segregation phase and that the
components are homogeneously dispersed in the matrix.
The STGSb material presented good acidic properties,
which made it possible to adsorb an electroactive cationic
dye (meldola blue) onto STGSb electrodes, resulting in a
system with high electrocatalytic activity towards NADH
oxidation, probably due to low resistance to charge transfer
between the STGSb/MB and NADH. This work has
demonstrated that the STGSb electrode is a robust and
stable material showing to having good potential for the
construction of new electrochemical sensors based on
cationic dyes that present redox properties, which can
easily be immobilized on the matrix surface by a simple ion
exchange reaction.
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