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Abstract The mixed oxide phosphate (ºSiO)2Ti(O3-
POH)2 having a speci®c surface area of SBET �
595 m2 g)1 and an average pore volume of 0.43 mL g)1

was prepared by the sol-gel processing method. The
material showed the following characteristics:
Ti � 11.6 wt% and P � 10.5 wt%; ion exchange ca-
pacity of 0.60 mmol g)1. Meldola's Blue (MLB) dye was
adsorbed, by an ion exchange reaction, from an aqueous
solution in a quantity of 0.62 mmol g)1. The dye was
strongly retained and was not easily leached from the
matrix even in presence of 0.5 M electrolyte solution.
Changing the solution pH between 2.5 and 7.0, the
midpoint potential of the dye-adsorbed (ºSiO)2
Ti(O3POMLB)2 matrix carbon paste electrode remained
practically constant, i.e. about 20 mV vs. SCE. This is
not the usual behaviour of MLB since its midpoint po-
tential changes considerably in solution phase as the pH
is changed. The modi®ed electrode has proved to be
stable and electrocatalytically active for hydrazine oxi-
dation at pH 6.
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Introduction

Metal oxides grafted on to silica-gel surfaces have been
used as electron mediator immobilization matrices to
develop a new class of electrodes [1±8]. More recently,
binary oxides of the type SiO2/MxOy prepared by the
sol-gel processing method have also been applied for
such a purpose [9±15]. Gels or xerogels prepared by
this method are considered as new materials for elec-

trode modi®cations as they display large surface areas
and o�er a possibility of reacting with a Brùnsted acid,
resulting in a highly dispersed immobilized acid [16]. Of
particular interest is the SiO2/TiO2 binary oxide, pre-
pared by the sol-gel processing method, when allowed
to react with phosphoric acid. The resulting material,
SiO2/TiO2/phosphate, containing the immobilized
HPO2ÿ

4 species, shows a large ion exchange capacity
[17].

Meldola's Blue redox dye has been used to prepare
modi®ed electrodes and it has been successfully used as
an amperometric sensor for b D-glucose and NADH
determinations [18, 20±22]. Recently, Nile Blue and
Methylene Blue dyes were immobilized by means of an
ion exchange reaction in bulk zirconium phosphate and
the resulting material was used to prepare a carbon
paste electrode for electrocatalytc oxidation of NADH
and ascorbic acid [23, 24]. Since the bulk phase zirco-
nium phosphate is obtained as a ®ne powder with no
mechanical resistance and has a small speci®c surface
area, an attractive alternative is to immobilize the dye
in the sol-gel prepared SiO2/TiO2/phosphate matrix,
where the Brùnsted acid character is similar to that
shown by the bulk titanium phosphate phase. Using
this procedure may result in a material having an ad-
ditional advantage such as improved mechanical and
thermal stability and presenting also a higher speci®c
surface area. In order to test the potential of this ma-
terial as a substrate for developing a new class of
electrode, Meldolas's Blue was immobilized on SiO2/
TiO2/phosphate and the carbon paste electrode of this
material was used to study the hydrazine electrocata-
lytic oxidation. The hydrazine molecule has a relatively
high formal oxidation potential, i.e. 0.92 V vs. SCE
using a conventional electrode [25], so the use of
chemically modi®ed electrodes in order to minimize this
e�ect appears to be very desirable. An additional ad-
vantage in using porous materials is that the dispersion
of electroactive species on the surface of such kinds of
materials has resulted in a great improvement in sta-
bility and catalytic action [16].
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Experimental

Preparation

The SiO2/TiO2 binary oxide matrix was prepared by mixing
17.6 mL of tetraethyl orthosilicate (Aldrich) and 1.7 mL of 1.3 M
HNO3 and the solution re¯uxed for 2.5 h at 353 K. About 70 mL
of dry ethanol and 3 mL of tetrabutyl orthotitanate (Fluka) was
added and the mixture was stirred for 2 h at room temperature.
Then, 9.5 mL of a 1 M HNO3 aqueous solution was slowly added
to the reaction medium and stirred for more 2 h at room temper-
ature. The resulting xerogel was dried in an oven for 30 h at 323 K
and the solid ground in a mortar and sieved to a particle size of
about 0.25 mm. The gel was obtained by heating the xerogel at
773 K under an air ¯ux for 24 h.

The incorporation of phosphate into the matrix was made by
immersing 4 g of SiO2/TiO2 in 60 mL of 0.2 M H3PO4 solution
and the mixture stirred during 4 h at 298 K. The solid was ®ltered,
washed with water, and dried for 1 h at 353 K in an oven.
Chemical analysis of the SiO2/TiO2/phosphate sample was made
by slowly adding hydro¯uoric acid (40 wt% solution) until com-
plete dissolution of the solid, the resulting solution was diluted
with 100 mL of water and then concentrated NH4OH was added
until precipitation of the hydrous titanium oxide occurred. The
solid was allowed to stand for 3 h, ®ltered, washed with water,
calcined at 1073 K, and weighed as TiO2. The ®ltered solution was
acidi®ed with sulfuric acid, and the amount of phosphorus was
determined spectrophotometrically using the molybdenum Blue
method.

The speci®c surface area was determined by the BET multipoint
method on a Micromeritcs Flow Sorb II 2300 apparatus connected
to a ¯ow controller. The average pore volume of the samples was
determined by the mercury intrusion technique on a Micromeritcs
Pore Size 9320 apparatus.

The scanning electron microscopy images of the samples were
obtained by dispersing the solid on a double-face conducting tape
and ®xed on a brass support. Coating of the particles with graphite
was made by the deposition technique using a sputter low-voltage
LVC 76 apparatus from Plasma Science. The microscope used was
a JEOL JSM T-300 connected to a secondary electron detector and
to an X-ray dispersive energy analyser from Northem.

The 31P NMR spectrum was obtained by the cross-polarizing
magic angle spinning technique. The sequential pulse conditions
used were a contact time of 1 ms, with 2 s intervals between the
pulses, and an acquisition time of 11 ms. Phosphoric acid (85 wt%)
was used as reference. The equipment used was a Brucker AC 300P
spectrometer operating at 121 MHz.

The ion exchange capacity of the sample was determined by
immersing 100 mg of SiO2/TiO2/phosphate in 50 mL of 0.5 M
NaCl solution and the mixture shaken for 8 h. The released H+

from the exchange reaction was titrated with 0.05 M NaOH stan-
dard solution.

Meldola's Blue (MLB) was adsorbed on the SiO2/TiO2/phos-
phate by immersing 2 g of the sample in 10 mL of an aqueous
solution of 1% (m/v) MLB. The mixture was shaken for 24 h and
the solid was ®ltered, washed with water, and dried for 30 min at
393 K in an oven. From the C, H, N elemental analysis, the
quantity of the adsorbed MLB was determined.

The carbon paste electrode was prepared by mixing 30 mg of
SiO2/TiO2/phosphate with 30 mg of graphite (Fluka) and a drop of
liquid para�n. This paste was deposited into a cavity in contact
will a platinum disk fused at the end of a glass tube with 3 mm
internal diameter.

Electrochemical measurements

The electrochemical studies were made by using the cyclic vol-
tammetry technique and a three-electrode system, where a carbon
paste of the material, a saturated calomel electrode (SCE), and a

platinum wire were used as working, reference, and counter elec-
trodes, respectively. All the measurements were carried out under
pure argon atmosphere. The equipment used was the PAR EG&G
model 273A galvanostat-potentiostat.

Electrocatalytic oxidation of hydrazine was studied by succes-
sive addition of 50 lL aliquots of 0.01 M hydrazine sulfate solution
into a electrochemical cell containing 10 mL of 0.5 M KCl solution
at pH 6.0.

Results and discussion

Characteristics of the material

The SiO2/TiO2/phosphate material presented a speci®c
surface area SBET � 595 m2 g)1 and an average pore
volume of 0.43 mL g)1. Chemical analysis of the mate-
rial showed the following results: Ti � 11.6 wt% and
P � 10.5 wt%. The ion exchange capacity was
0.60 mmol g)1 and the amount of adsorbed MLB, de-
termined by elemental analysis, was 0.62 mmol g)1.
Assuming that the adsorbed phosphate is the HPO2ÿ

4
species (see discussion below), we conclude that only a
fraction of the protons were exchanged (estimated ex-
change capacity is 3.4 ´ 10)3 mol g)1).

Figure 1 shows the scanning electron microscopy and
the respective EDS images of the SiO2/TiO2/phosphate

Fig. 1 Scanning electron microscopy image of a (ºSiO)2Ti(O3POH)2
and b the corresponding EDS images of titanium
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material. In Fig. 1a there is no evidence, within the
magni®cation used, of phase separation of each com-
ponent. The bright points in Fig. 1b are due to the
titanium atom ¯uorescence emission line Ti
(ka) � 4.51 keV [26]. The EDS images indicate that ti-
tanium atoms are highly dispersed in the silica matrix
with no detectable oxide particle agglomerates.

The 31P NMR spectrum presented only one peak at
)10 ppm due to the HPO2ÿ

4 species in the matrix [17].
For bulk Ti(HPO2)2 á 2H2O the 31P NMR peak is found
at )9.3 ppm [27]. Therefore, formally we can represent
the material as (ºSiO)2Ti(O3POH)2. The incorporation
of MLB in the (ºSiO)2Ti(O3POH)2 matrix can be rep-
resented by the following ion exchange reaction:

��SiO�2Ti�O3POH�2�s� � 2MLB��sln�
� ��SiO�2Ti�O3POMLB�2�s� � 2H��sln�

�1�

where s and sln refer to solid and solution phase, re-
spectively, and MLB+ to the form I of the dye in the
solution phase (see Scheme 1). It should be remembered
that only about 20% of the protons were exchanged.

Cyclic voltammetry studies

Figure 2 shows the (ºSiO)2Ti(O3POH)2 and
(ºSiO)2Ti(O3POMLB)2 cyclic voltammetry curves, both
obtained under the same conditions, i.e. 0.5 M KCl
supporting electrolyte solution at pH 6.5 and a scan rate
of 20 mV s)1. In Fig. 2a, no peak currents are observed
for (ºSiO)2Ti(O3POH)2. A peak current with a midpoint
potential of Em � 20 mV [Em � (Epc + Epa)/2, where
Epa and Epc are the anodic and cathodic peak potentials,
respectively] is observed for (ºSiO)2Ti(O3POMLB)2
(Fig. 2b). This value is shifted towards more positive
potentials when compared to those observed for soluble
species ()180 mV), suggesting stabilization of the re-
duced form.

In order to know how strong is the dye adsorbed on
the matrix, a test consisting of cycling the potential
many times between )0.4 and 0.4 V with the electrode
of the material immersed in 0.5 M KCl solution was
made. The I/I0 plot for both peak currents, anodic and

cathodic (were I is the variation of the peak current
intensities and I0 is the initial peak current intensity),

show that the percentage variation after 150 cycles is
relatively small, i.e. about 25%. The immobilized dye
shows a small tendency of leaching o� from the sub-
strate surface by the supporting electrolyte solution,
indicating its great a�nity for the solid exchanger
phase.

Study of the solution pH on the electrode response

It has been previously reported that the MLB midpoint
potential is strongly dependent on the solution pH. It
presents, according to the solution pH, di�erent proto-
nated species (see Scheme 1), which a�ect the midpoint
potential of the redox process [18]. When adsorbed on a
graphite surface, MLB gives pKa � 5 and thus at
pH < 5 form III will predominate while at pH > 5
form II will predominate. No pKa value for MLB in the
solution phase is available but it is supposed to be close
to similar phenoxazine dyes, i.e. pKa � 4±5 [19].

Fig. 2 Cyclic voltammetry curves for a (ºSiO)2Ti(O3POH)2 and
b (ºSiO)2Ti(O3POMLB)2. Scan rate 20 mV s)1; 0.5 M KCl solution;
pH 6.5
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Figure 3a shows that for MLB adsorbed on a
graphite-modi®ed electrode surface, between pH 1 and
7, Em varied between )200 mV and 120 mV [18]. For the
(ºSiO)2Ti(O3POMLB)2 electrode, in the pH range be-
tween 2.5 and 7 the potential change was very small
(Fig. 3b), remaining almost constant at about 20 mV. A
small change with the shift of the midpoint potential to a
more positive value is observed below pH 2.5, indicating
that the redox process begins to be H+ dependent.
Taking into account that (ºSiO)2Ti(O3POH)2 is a highly
porous substrate, the organic molecule can be entrapped
as the protonated form in the xerogel pores and, thus,
the measured midpoint potential does not depend on the
H+ of the solution, in contrast to those observed for
graphite/MLB (Fig. 3a). For a pH lower than 2.5 the
midpoint potential starts to be dependent on the H+ of
the solution, suggesting a more protonated form for
these solutions. The matrix a�nity by the organic mol-
ecule is very high, and even at a higher solution pH and
in the presence of a large concentration of the support-
ing electrolyte solution it is not released to the solution
phase. Measuring the potentials in other common elec-
trolytes, in neutral solution, no signi®cant variation of
the Em values are observed (Table 1). Similar electro-

chemical behaviour was recently reported for Nile Blue
and Methylene Blue entrapped in zirconium phosphate
lamella [23, 24].

A linear correlation plotting I against v1/2 (where
I � current, v � scan rate) for the immobilized MLB
material was observed (Fig. 4), indicating that the redox
reaction is controlled by the electrolyte di�usion into the
matrix. The average pores size of the matrix are su�-
ciently large and, thus, cations of the supporting elec-
trolyte can move easily into and out at the solid-solution
interface in the redox process. The process is shown in
below:

�� SiO�2Ti�O3POMLBox�2 � 4K� � 4eÿ

� �� SiO�2Ti�O3POMLBred�2K4

�2�

Since the electroactive species is found entrapped in the
matrix pores, the kinetic evaluation of the redox process
at the electrode-solution interface is very important. By
using the Laviron treatment [28] {plotting (Epa±Em)/
(Epc±Em) as a function of nDEp (n is the number of
electrons and DEp is the peak separation) and Epa and
Epc vs. log v}, the transfer coe�cient (a) value was es-
timated as being 0.5. The k (rate constant of electron
transfer) value for v � 1 V s)1 was estimated as being
16.9 s)1. This value is not very high, indicating that there
is some resistance to the electron transfer, but consid-
ering that the material is not totally a conductor and the
electroneutrality is made by the electrolyte species, this
value is reasonable.

Electrochemical oxidation of hydrazine

Studies of electrooxidation of hydrazine were made by
immersing (ºSiO)2Ti(O3POMLB)2 in 2 ´ 10)4 M
hydrazine solution at di�erent pH values to determine
how the anodic peak current varies (Table 2). The best
response was obtained for hydrazine solution when the
pH was adjusted to about 6.

Fig. 3 Change of the midpoint potentials, Em, of the adsorbed MLB
with the solution pH: a graphite/MLB; b (º0SiO)2Ti(O3POMLB)2

Table 1 Midpoint potentials of (º0SiO)2Ti(O3POMLB)2 in var-
ious electrolyte solutions. Concentration of the electrolyte: 0.5 M,
pH 6.5; scan rate: 20 mV s)1

Electrolyte Em (V) DEp (mV)

KCl 0.023 109
K2SO4 0.020 102
LiCl 0.010 187
NaCl 0.020 139
NH4Cl 0.011 97

Fig. 4 Plot of the anodic (Ipa) and cathodic (Ipc) peak currents against
v1/2 in 0.5 M KCl solution at pH 6.5
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Under such a condition, the dependence of the cata-
lytic current intensities with the changes of hydrazine
concentrations were shown to be linear. Plotting the
anodic peak currents against hydrazine concentrations,
a linear correlation was observed between 0.01 and
0.06 M (Fig. 5). The equation ®t is DIpa �
(347 � 3)+(3.80 � 0.07)[hydrazine], where the current
is in lA and the concentration in lM, with a correlation
coe�cient of 0.998 for n � 10.

The reactions at the solid-solution interface can be
represented as shown below:

f��SiO�2Ti�O3POMLBred�2K4g
� ��SiO�2Ti�O3POMLBox�2 � 4K� � 4eÿ �3�

��SiO�2Ti�O3POMLBox�2 �N2H4

! ���SiO�2Ti�O3POMLBox�2 . . . �N2H4�� �4�
���SiO�2Ti�O3POMLBox�2 . . . �N2H4��
! ��SiO�2Ti�O3POMLBred�2 �N2 �H� �5�

where Eq. 3 shows the electrochemical oxidation of the
dye, Eq. 4 the transition state, and Eq. 5 the oxidation
of the hydrazine by MLBox.

Conclusions

Meldola's Blue is immobilized very e�ciently on the
(ºSiO)2Ti(O3POH)2 substrate. The high matrix a�nity
by the dye, which is incorporated as the protonated-

entrapped form, is presumably the reason why the redox
potential of the adsorbed dye remained almost constant
between pH 3 and 7. In this case, even if the pH of the
solution phase changes, i.e. it becomes higher, the
strongly adsorbed dye on the solid phase will remain in
the protonated form.

Owing to the high porous nature of the material, a
high current density is observed for electrodes made with
the material. The speci®c surface area is 595 m2 g)1 and
the amount of the adsorbed dye is 0.62 mmol g)1. If we
assume that the dye uniformly covers the surface, the
surface density of the electroactive species is
1.0 ´ 10)10 mol cm)2 (about 1.6 molecules nm)2).

The anodic potential under which the hydrazine is
oxidized is low, in contrast to those observed for oxi-
dation on a graphite electrode surface. The electrode did
not show signi®cant changes in response for a month of
use, showing good chemical stability. These character-
istics make the present material very attractive in using
as a sensor for this analyte.
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