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Here we report the derivatization of mesoporous TiO, thin films for the preparation of H,0, amperometric
sensors. The coordination of the bifunctional ligand 1,10 phenantroline, 5,6 dione on the surface Ti(IV)ions
provides open coordination sites for Fe(Il) cations which are the starting point for the growth of a layer of
Prussian blue polymer. The porous structure of the mesoporous TiO, allows the growth, ion by ion of the
coordination polymer. Up to four layer of Prussian blue can be deposit without losing the porous structure
of the film, which results in an enhanced response of these materials as H,O, sensors. These porous
confined PB modified electrodes are robust sensors that exhibit good reproducibility, environmental
stability and high sensitivity towards H,0, detection.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Prussian blue (PB) modified electrodes are excellent catalysts
for H,0, reduction at low potentials, minimizing the interfer-
ence caused by reductant species (Cheng et al., 2007; Karyakin
et al, 1994) Consequently, they have been widely studied as
mediators in oxidase enzymes based biosensors (Karyakin et al.,
1995; Ricci and Palleschi, 2005). Different techniques have been
used for the incorporation of Prussian blue into the electrode
including electrochemical deposition (Karyakin et al., 1994, 1995),
sequential adsorption of ions (Guo et al., 1999) mechanical attach-
ment to the electrode (Dostal et al., 1995) and layer by layer
deposition of nanoparticles (Fiorito et al., 2005; Liu et al., 2009;
Wang et al.,, 2007). The sensitivity of the resulting electrodes
depends strongly on the method of fabrication and it has been
observed that nanostructured electrodes present an enhanced cur-
rent response (Karyakin et al., 2004). The increased area of the
nanostructured electrodes is also a desired feature because it
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increases the contact with the other components of the sensor.
This property makes them attractive as mediators for enzyme
based biosensors. Several configurations of Prussian blue films
and enzymes have been explored and these efforts have pro-
duced suitable sensors for a variety of substrates (Heimer et al.,
1996).

The development of a nanostructured Prussian blue film pro-
cessed as a robust, sensitive and highly reproducible supported
system with a large surface area would constitute a step for-
ward in this area. These properties could be achieved using the
well characterized family of mesoporous oxide thin films (MOTF)
as a platform. The MOTF, prepared using the surfactant template
technique (Crepaldi et al., 2003) exhibit very large surface areas,
tailored pore size, surface and connectivity, which make the entire
pore system readily accessible to species in solution (Sanchez et
al., 2008). These characteristics make their functionalization, by
tailored organic groups or inorganic complexes, an open field of
diverse possibilities in the development of new catalysts, sen-
sors, selective membranes, etc. (Soler-Illia and Innocenzi, 2006).
In this communication we report the functionalization of thin
TiO, mesoporous films by coordination assisted layer by layer
deposit of Prussian blue (PB) polymer and its performance as H, O,
sensors.
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2. Materials and methods
2.1. Mesoporous TiO, thin films

Mesoporous TiO, thin films were deposited by dip-coating an
ITO conductive substrate in a Ti(IV) ethanol-water sol, containing a
non-ionic block-copolymer template (Pluronic F127), followed by
thermal treatment at 350 °C, as previously reported (Crepaldi et al.,
2003). This procedure generates a highly organized mesoporous
film with 8 nm diameter pore arrays, derived from a uniaxially dis-
torted cubic Im3m mesostructure (a=16 nm). Films with 30% pore
volume and 130 nm thickness were used in this work.

In previous works, we have demonstrated by using electro-
chemical techniques that these pores are easily accessible to small
and medium sized molecules. In addition, we have shown that pore
surfaces can be modified with organic functional groups, which can
tune the properties, like philicity and, accessibility, of the whole
pore system (Otal et al., 2006). This concept can be extended to
achieve the homogeneous assembly of PB within the pores. In order
to incorporate the coordination polymer on the TiO, surface we
have taken advantage of the bifunctional ligand 1,10 phenantro-
line 5,6 dione (Calderazzo et al., 1999; Smith and Cagle, 1947). As
observed for similar ligands (Jankovic et al., 2009; McNamara et
al., 2008), the dione functionality binds irreversibly to the Ti(IV)
surface sites, generating a very stable functional monolayer. The
nitrogen atoms on the ligand remain available for coordination.
Thus, when the modified titania film is exposed to a Fe(II) solution,
cation coordination readily takes place. Subsequent exposure of
this modified electrode to a K3Fe(CN)g solution leads to the obser-
vation of a blue color, characteristic of the metal to metal charge
transfer transition of Prussian blue. The immersion sequence in
Fe(Il) and [Fe(CN)s |3~ solutions can be then repeated several times.
This cycle allows building up the material layer by layer. As the
two reactants have different coordination functionalities, they can
only react with the modified surface, preventing the formation of
aggregates and preserving the mesoporous structure.

2.2. Electrode preparations

The ITO electrodes were immersed ina 0.5 M 1,10 phenantroline
5,6 dione solution in ethanol, for 10 h and rinsed with ethanol. To
remove the excess ligand from the substrate surface, the samples
were dried. Incorporation of the Prusian blue polymer was accom-
plished by immersion of the ITO into a Fe(SO4), 0.5 M solution for
30 min, followed by immersion into a K3Fe(CN)g 0.5 M solution for
30 min. After each treatment the modified electrode was removed
from the solution, rinsed in deionized water and dried. This proce-
dure was repeated for every double layer until the desired number
of layers was deposited. The active area was 0.25 cm?2.

3. Results and discussion
3.1. UV-vis spectra

Development of the PB films onto the titania walls can be fol-
lowed through the evolution of UV-vis spectra. Even for the first
layer, the metal to metal charge transition is already noticeable due
to the large surface of MOTF film. The energy of this transition is
substantially shifted to the blue compared with the observed tran-
sition for the bulk PB. Upon the addition of further layers of Prussian
blue this intensity of the transition grows, indicating an increase in
the amount of polymer deposited, and the band maxima shifts to
the red approaching the value observed for the bulk Prussian blue
(S3).This shift can be related to a change in the structure of the poly-
mer as more ions become available to establish a three-dimensional
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Fig. 1. FEG-SEM images of electrodes with 3, 4 and 5 layers of Prussian blue.

network, decreasing the number of defects. The evolution of FTIR
spectra of the films confirms the above observation. For the first
layer, a strong peak at 2080 cm~! is clearly observed, which can be
assigned to the cyanide stretch for the [Fe(CN)g]*~ moiety, similar
to the observed in bulk PB. The presence of [Fe(CN)g]*~ indicates
that, for the first layer, the film already presents the electronic con-
figuration observed in the bulk Prussian blue, due to the redox
reaction between the added [Fe(CN)g |3~ and the Fe(Il) ions already
incorporated into the film.

3.2. Change of the film structure with the number of layers

FEG-SEM images of the films indicate that the mesoporous
structure is preserved for the initial Prussian blue layers. The meso-
pore structure is clearly visible for a modified electrode built up
with three and four layers (Fig. 1 and S5). On the other hand, for
electrodes modified with five layers the porous structure is lost
and it is replaced by a granulose structure typical of the Prussian
blue films deposited by sequential coordination of ions (Itaya et al.,
1986).

The change in the structure of the films is also reflected in the
ability of the electrode to incorporate more Prussian blue layers.
The incorporation of the PB layers can be followed by FTIR (cyanide
stretch at 2080cm~1, S3), UV-vis (metal to metal charge trans-
fer band, S3) and its electrochemical response (reduction of the
Fe(Ill), S4). The evolution of the electrodes followed by these three
techniques clearly shows that after the fourth layer the amount
of PB polymer incorporated in each layer, is greatly diminished.
This behavior is consistent with the proposed filling of the pores.
Upon the lost of the porous structure the coordination takes place
only at the geometrical surface of the electrode which is two
orders of magnitude smaller than the surface of the porous elec-
trodes and hence very little polymer is incorporated after the fifth
step.

3.3. Chronoamperometric measurements

Chronoamperometric experiments in a three-electrode electro-
chemical cell were performed in order to study the performance
of Prussian blue modified electrodes during H,0, detection. The
experiments were carried out in systems containing 5mL of
KCI 0.1 molL~"+HCI 0.1 moIL~! or 5mL of KCI 0.1 molL~!+HCI
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