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porating Cyt-c immobilized on TiO2 films were prepared and characterised
optically with UV–visible spectroscopy and electrochemically with cyclic voltammetry, and their conductivity
properties were studied in detail. In addition the effects of a thin overlayer coating of a second metal oxide
such as SiO2, Al2O3, ZrO2 and MgO2 were studied and the effects over the electrochemical properties of the
hybrid working electrodes were discussed.
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1. Introduction

Mesoporous nanocrystalline TiO2 electrode is a wide-band-gap
(~3 eV) semiconductor and therefore optically transparent for wave-
lengths ≤390 nm. The thin transparent films comprise a rigid, porous
network of 10–20 nm nanocrystalline TiO2 nanoparticles with pore
sizes between 5 and 20 nm, sufficiently large for proteins to diffuse
throughout the porous structure. The surface area of such films is
greatly enhanced over flat electrode surfaces (up to 1000 fold for an
8-μm-thick film). In addition to their optical transparency and high
surface area, these films exhibit good stability, and electrochemical
activity at potentials above the conduction band edge.

We have previously demonstrated that protein adsorption can be
readily achieved on mesoporous TiO2 electrodes from aqueous
solutions at 4 °C with high binding stability and undetectable protein
denaturation [1–5]. We have characterized the properties of such
protein/TiO2 electrodes by cyclic voltammetry and UV–visible spectro-
scopy and demonstrated that the immobilized proteins can be reduced
by the application of an electrical potential to the film without the
addition of any electron-transfer mediators [1–5]. Moreover, other
groups have also shown the adsorption of a range of biomolecules on
at Acrongenomics Inc., 14 Rue
5300; fax: + 41 22 7165319.
s).
hool of Electronics & Physical
m.

l rights reserved.
mesoporous metal oxide electrodes as working electrodes for sensing
devices [6–15].

In this paper we aim to examine further the conductivity and
electrochemical properties of these electrodes as a function of pH
and scan rate by using a simple solution phase redox system such as
Fe(CN)6. Both cyclic voltammetry (CV) and spectroelectrochemistry
will be used. In addition, the electrochemical behaviour of Cyt-c will
be studied on TiO2 films with a thin conformally deposited overlayer
of a secondmetal oxide such as SiO2, Al2O3, ZrO2, andMgO2. The effect
on the interfacial electron-transfer process between the electrode and
the biomolecules is studied.

2. Experimental section

2.1. Reagents

Horse-heart cytochrome-c was purchased from Sigma Chemical Co
and Carbowax 20,000 from Fluka. Silicon Methoxide (99.9%), Alumina
tri-sec-butoxide (99.9%), Zirconia iso-butoxide (99.9%), Magnesium
ethoxide (99.9%), and the remaining chemicals were purchased from
Aldrich Chemical Co. and used as received. Sodium dihydrogen
orthophosphate (0.01M)wasused toprepare the supportingelectrolyte,
and its pH was adjusted to 7 using NaOH. Distilled water was
demineralised to a resistivity of 10 MW cm−1. Fluorine-doped tin
oxide-coated glass slides (conductivity of 15 W cm−2) were purchased
from Hartford Glass (Hartford City, Indiana, U.S.A.), cleaned with water,
rinsed with ethanol, dried at 100 °C and heated at 450 °C prior to film
deposition.
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2.2. Preparation of electrodes

The TiO2 paste, consisting of 15 nm sized particles was prepared
from a sol–gel colloidal suspension containing 12.5 wt.% TiO2 particles
and 6.2 wt.% Carbowax 20,000 as reported previously [16]. The TiO2

suspension was then applied to the surface of the conducting glass
using the “doctor blade” technique. Masking the glass slide with
Scotch tape controlled the thickness and the width of the area spread,
with one layer of tape being employed to yield a final film thickness of
4 μm. The spread suspension was then allowed to dry before being
sintered for 20min at 450 °C. The thickness of the nanocrystalline TiO2

films was measured with a DEKTAK profilometer. The TiO2 films were
cut in 1 cm2 pieces. Immediately prior to Cyt-c immobilization, the
films were heated to 450 °C for 15 min and then allowed to cool down
to room temperature before being immersed in the protein solution.

2.3. Coating procedure

To achieve uniform coating of the preformed nanocrystalline
mesoporous TiO2 thin film we have used a previously described
method [17]. In brief, the conformally coating of the different metal
oxides were obtained by in-situ hydrolysis of the alkoxide precursors
over the nanoparticles. The highly hydroxilated surface of the
mesoporous thin films induces the formation of nanoscopic thin
uniform layers of the corresponding metal oxide on the surface of the
nanocrystalline particle. The precursor solutions concentrations used
were 0.15 M for aluminium tri-sec-butoxide in dry 2-propanol, 0.15 M
for silicon methoxide in dry methanol, 0.15 M for zirconium iso-
butoxide in dry methanol and 0.15 M for magnesium ethoxide in dry
methanol. These non-scattering precursor solutions were prepared
under anaerobic conditions in a glovebox; however, once prepared the
solutions were not air sensitive, allowing dipping to be conducted in
ambient conditions.

After their initial sintering, the TiO2 films were coated with metal
oxides overlayers by dipping each film in a solution of the suitable
precursor pre-heated to 60–70 °C, for 20 min, followed by heating at
435 °C for 20 min [17]. To keep similar conditions between the
standard and coated electrodes, the mesoporous TiO2 films without
coatings were sintered at the same time as coated ones.

Experiments were conducted as a function of precursor concen-
tration, dipping time and temperature and number of dipping/
sintering cycles. The overlayer growth was found to be insensitive to
dipping time or temperature, but dependent upon precursor con-
centration and the number of repeat cycles, consistent with previous
observations [17]. For convenience, the precursor concentration was
maintained at 0.15 M for all studies reported in this paper, with the
overlayer thickness being controlled only by repeating the dipping/
sintering cycle up to 4 times.

2.4. Protein immobilization

The protein immobilization was achieved by the immersion of
1 cm2 pieces of TiO2 (coated or uncoated) films in 2 ml of the protein
solution (20 μM Cyt-c in a 10 mM phosphate buffer) at 4 °C for at least
1 to 2 days. Cyt-c adsorption onto the films was monitored by
recording the UV–Vis absorption spectra of the films at room
temperature.

2.5. Optical measurements

All absorption spectra were measured using a Shimadzu UV-2401
spectrophotometerwith a sampling interval of 1 nm. Protein solutions
were measured in the appropriate buffered solution, that was also
used for the blank spectra, using plastic rather than quartz cuvettes in
order to prevent the binding of protein molecules during the
acquisition. During the Cyt-c/TiO2 film analysis, the sensitised films
were submerged in the buffer solution. Prior to all spectroscopic
measurements, the films were removed from the immobilization
solution and rinsed in a buffer solution to remove non-immobilized
protein. Contributions to the spectra from scatter and absorption by
the TiO2 film were subtracted by using protein-free reference films.

2.6. Electrochemical measurements

The electrochemistry and spectroelectrochemical experiments
were carried out using an Autolab PGStat12 potentiostat and a
three-electrode cell with quartz windows, a platinummesh flag as the
counter electrode, a Ag/AgCl in 3.5 M KCl reference electrode, and the
TiO2 or Cyt-c/TiO2 film on conducting glass as the working electrode.
The electrolyte, an aqueous solution of 10 mM sodium phosphate
(pH 7), was thoroughly degassed by bubbling argon prior to the
experiments. For the spectroelectrochemical experiments, the above
cell was incorporated as a sample in the Shimadzu UV-1601 spectro-
photometer, and the absorption changes were monitored as a func-
tion of the applied potential. All potentials are reported against the Ag/
AgCl electrode and an argon blanket was maintained during all
measurements.

3. Results

3.1. Electrochemical studies

We have previously demonstrated that CV can be used to study the
electrochemical behaviour of immobilized proteins such as Cyt-c on
the mesoporous TiO2 films [1–5]. CV is a useful technique to examine
the redox electrochemistry between the TiO2 electrode and the im-
mobilized Cyt-c. From these studies, we concluded that the negative
shift between the observed reduction peaks from the CVs of the
immobilized Cyt-c onmesoporous TiO2 films and the ones observed in
solution can be attributed to the low conductivity of TiO2 films [18] at
moderate potentials or due to a shift in the redox potential of Cyt-c
induced by its immobilization [3–5].

To lift this uncertainty, a number of control experiments have been
conducted in this paper to further understand the interfacial electron-
transfer reactions between the mesoporous semiconductor film and
the Cyt-c. Using a simple solution phase redox couple such as
potassium ferricyanide, K3[Fe(CN)6] and an unmodified mesoporous
TiO2 film as a working electrode we obtained the CV shown in Fig. 1A.
Although potassium ferricyanide is not immobilized on the TiO2 film, a
negative shift in its reduction peak, identical to the one observed with
the Cyt-c, occurs. This was also confirmed by a control experiment in
which a TiO2 film is dipped into a K3[Fe(CN)6] solution, taken out and
washed thoroughly, and then subjected to CV in pure phosphate buffer
solution and no characteristic Fe redox peak was obtained (results
not shown here). Thus we can conclude that the voltammetry is
dominated by the conductive properties of the TiO2 film.

We did also examine the effect of the scan rate on the CV. Slower
scan rates were applied to the Cyt-c/TiO2 electrode in order to try to
obtain a reversible peak shaped CV. Fig. 2 illustrates that even at slow
scan rates no simple reversible behaviour for the Cyt-c/TiO2 film was
observed, consistent with the currents being limited by the low TiO2

conductivity at moderate potentials.
It is known that the pH of the electrolyte solution affects the

conductivity of the TiO2 films. Indeed, the change in pH, by simply
altering the HPO4

2−/H2PO4
− ratio but keeping the ionic strength

constant, has a significant effect on the potential of the reduction
peak for the immobilized Cyt-c as can be seen in Fig. 3. The CVs of this
figure show that by lowering the pH by 1 unit, the potential of the
reduction peak of Cyt-c changes by 64.5 mV due to the change in the
conductivity of the TiO2 films. These results are in agreement with the
fact that a blank nanocrystalline TiO2 film in an aqueous electrolyte
shows an expected Nernstian shift of ~59.1mV on increasing the pH of



Fig. 2. Cyclic voltammograms for a Cyt-c/TiO2 film in a pH 7, 10 mM NaH2PO4 buffer at
different scan rates (V/s).

Fig. 3. CVs for Cyt-c/TiO2 at different pHs, at scan rate 0.1 V/s.

Fig. 1. (A) CV for a blank TiO2 film in Fe(CN)6 solution. (B) The normal behaviour of Fe(CN)6
in solution.
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the electrolyte by a single unit [19–20]. This supports the assignment
of the shift of the reduction peak of the immobilized proteins to the
conductivity of the TiO2 film.

3.2. Spectroelectrochemical studies of blank TiO2 films

In order to further examine the conductivity of the TiO2 films
spectroelectrochemical techniques were used. These techniques take
advantage of the facts that thin nanostructured TiO2 films may be
deposited on conducting glass supports to yield transparent electro-
des and that electrons present in these electrodes have an optical
spectroscopy characteristic of their local environment. Following the
procedure of [18] spectroelectrochemical data was collected using
10 mM NaH2PO4 (pH 7) as the electrolyte for blank TiO2 films. The
results are shown in Fig. 4A: at low and moderate negative applied
potentials the measured absorption spectra is pretty much the same
as the one for which no potential is applied. At still more negative
potentials, however, a broad absorption maximum is observed at
about 750 nm.

Fig. 4B follows the absorption increase at a single wavelength
(750 nm) as a function of the applied bias. Although the increase in
absorbance is higher the more negative the potential applied, the
kinetics of these increases are the same (10–15 s).

It has been suggested that the coloration (blue/black) of the TiO2

film under negative applies bias is due to the filling of the trap/
conduction band states [18,19]. Therefore the change in absorbance at
750 nm can be related to the electron density per nanoparticle, n. The
electron density can thus be determined from the spectroelectro-
chemical data bymonitoring the increase in absorption at 750 nm as a
function of externally applied bias. The change in absorbance A is
defined by the Beer–Lambert law:

A ¼ ecl ð1Þ

Where ε is the extinction coefficient of an electron at 800 nm,
1.3×10−21 m2 [18], c is the concentration and l the path length. Eq. (1)
can be used to derive the electron density n per nanoparticle by
substituting c with n/V. This is given by the Eq. (2).

n ¼ AV
el

ð2Þ

where V is the volume of the TiO2 film, 8×10−10 m3 and l is the
thickness of the TiO2 film, 8×10−6 m and n is the electron density. It is
estimated that there are 2.25×1014 nanoparticles in a film volume of
8x10−10 m3 assuming 15 nm sized particles in an 8 μm thick film. The
results are shown in Fig. 5.

From this graph, it is obvious that the data exhibit an approxi-
mately exponential tail towards the more positive biases. It has been
suggested that this tail may be due to the presence of sub-band gap
defect states [18]. At −0.3 V the electrons start filling the trap/
conduction band states of the blank TiO2 film at a rate of 0.1 e− per



Fig. 6. Optical absorbance at 550 nm for Cyt-c/TiO2 measured as a function of the
applied potential. Each potential step was applied for 15 min before the absorbance was
recorded.

Fig. 4. Spectroelectrochemical data showing (A) the absorption spectrum of a blank TiO2

electrode in 10 mM phosphate buffer solution, pH 7, measured at 0 to −1 V vs Ag/AgCl
reference electrode. (B) The time dependent absorbance changes at 750 nm for a blank
TiO2 electrode measured at measured at −0.1 to −1 V vs Ag/AgCl reference electrode.
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nanoparticle. This rate increases as the negative applied potential is
increased reaching a value of 17.5 e− per nanoparticle at −1 V.
Therefore, these results confirm the limited conductivity through the
TiO2 films at low potentials.

The same spectroelectrochemical experiments were performed on
Cyt-c/TiO2 films. From Fig. 6 it is obvious that the reduction rate of the
adsorbed Cyt-c is consistent with the conduction these films show. At
Fig. 5. Electron density in a blank TiO2 electrode as a function of bias.
low biases (0 to −0.3 V) there is no conduction occurring and therefore
the adsorbed Cyt-c remains in its Fe3+ oxidation state. At biases higher
than −0.3 V Cyt-c starts getting reduced to its Fe2+ state and the
amount of Cyt-c reduction increases as the negative applied bias is
increased reaching saturation (all the adsorbed Cyt-c is reduced) at
−0.7 V. Therefore it is concluded that the reduction kinetics of the
adsorbed Cyt-c pretty much matches the increase in Ti3+ absorbance
measured with no protein molecules adsorbed on the films.

3.3. Effect of coatings on the conductivity of the TiO2 films

The electrochemical properties of Cyt-c on TiO2 electrodes coated
with an overlayer of either SiO2, ZrO2, Al2O3 or MgO2 was investigated,
as for an unmodified TiO2 electrode, by incorporating the films as the
working electrode of a three-electrode photoelectrochemical cell. The
fraction (%) of the immobilized Cyt-c reduced as a function of the
applied bias on each coated film was determined by potential step
chronoamperometry as shown in Fig. 7A and B. An example of these
measurements is given in Fig. 8 for Cyt-c immobilized on TiO2 film
coated with SiO2. As the applied potential increases, a clear shift in the
Soret band from 410 to 416 nm and an increase in the sharp α and β
bands at 550 and 520 nm are observed, in good accordance with the
solution spectrum of the reduced Cyt-c [22]. Each UV–vis spectrum
was taken 15 min after applying a step potential to ensure the redox
couple reach equilibrium. For all overlayers, complete (90%) reduction
of the immobilized Cyt-c is observed, indicating that all of the
adsorbed protein is electroactive.

The fraction of Cyt-c reduced as a function of potential and oxide
overlayer, determined from the relevant spectroelectrochemical data
(as shown for Cyt-c/SiO2–TiO2 in Fig. 8), is shown in Fig. 7B. It is
apparent that the bias dependence of the amount of protein reduced is
strongly dependent upon nature of the overlayer.

Thus, our spectroscopic studies confirmed that the application of a
potential more negative than −0.1 and −0.3 V vs Ag/AgCl to the
conducting glass substrate of the Cyt-c/TiO2 and Cyt-c/SiO2–TiO2

electrodes, respectively, resulted in the reduction of the Fe(III) heme
moiety of Cyt-c to Fe(II). Similarly, potentials more negative than −0.3,
−0.5 and −1 V were necessary for the reduction of Cyt-c on TiO2 films
coated with either ZrO2, Al2O3 or MgO2 respectively.

According to Fig. 8 the half wave potential (E1/2) for the Cyt-c/TiO2

and Cyt-c/SiO2-TiO2 films are −0.46 and −0.33 V vs Ag/AgCl,
respectively. The mid-point potentials of Cyt-c for the rest of the
ovelayers are shown onTable 1. For all the TiO2 coated with overlayers,
re-oxidation of the immobilized Cyt-c could be achieved by bubbling
the buffer solution with oxygen, by adding a chemical oxidant such as
potassium ferricyanide or by the prolonged application of a positive



Table 1
Characteristics of themetal oxide overlayers [23] employed in this study comparedwith
uncoated TiO2 films

Metal oxide
overlayer

Band gap
[eV]

PZC
(pH units)

E1/2 of immobilized
Cyt-c [V]

SiO2 8.0–8.90 2.10 −0.33
ZrO2 5.0 5.10 −0.46
Al2O3 8.45–9.90 9.20 −0.62
MgO2 7.6–7.75 8.90 −2.20
TiO2 3.0–3.30 5.50 −0.45

Fig. 7. (A) Percentage of Cyt-c reduced on TiO2 films coated with either Silica or Zirconia
or Alumina or Magnesium, as a function of the applied potential determined from the
relative spectroelectrochemical data. Each potential was applied for 15 min before the
absorbance at 550 nm was recorded. (B) Percentage of Cyt-c reduced on TiO2 films
coated with either Silica or Zirconia or Alumina.
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potential (e.g. 0.6 V vs Ag/AgCl) whilst bubbling with argon. However,
the latter, electrochemical reoxidiation was relatively slow (t1/2 ∼4 to
120 min depending on the film, fastest for the SiO2 overlayer and
Fig. 8. UV–vis absorption spectra for electrochemical reduction of the oxidised Fe(III)
Cyt-c immobilised on a mesoporous TiO2 coated with silica at increasing negative
potentials (0 to −0.7 V vs Ag/AgCl).
slowest for the Au overlayer), consistent with the very low
conductivity of all films at such positive potentials.

The spectroelectrochemical studies reported in Figs. 7 and 8 were
further supported by CV studies of these coated and uncoated TiO2

films. All cyclic voltammetry experiments were carried out in a
protein-free, anaerobic 0.01 M phosphate buffer solution of pH 7. As
stated previously and in other papers [4,14], control cyclic voltammo-
grams (CVs) of protein-free 4-μm thick coated and uncoated TiO2 films
show the characteristic charging/decharging currents assigned to
electron injection into sub-band gap/conduction band states of the
TiO2 films. In all cases the CVs integrate to approximately 0, indicating
negligible Faradic currents. The charging of the TiO2 film coated with a
SiO2 overlayer starts earlier than the one of the uncoated TiO2 film as
shown in Fig. 9 whilst in the case of zirconia, the film charging starts
almost at the same bias as in the uncoated case. Finally, it is worth
noting that the amount of charge one can inject into the film in our
experiments was observed to be less for the Al2O3 coated films and
least for the MgO2 coated films.

Fig. 10 shows the CVs of Cyt-c immobilized on uncoated and SiO2

coated TiO2 films. These CVs show, in addition to the charging/
discharging currents observed for the bare films, reduction peaks for
Cyt-c at −0.58 and −0.48 V, respectively. These reduction peaks are in
reasonable agreement with the mid-point redox potentials of the
spectroelectrochemical data (shown in Figs. 7 and 8) supporting the
assignment of these peaks specifically to Cyt-c reduction.

No additional oxidative peaks in the reverse scans can be observed
for either Cyt-c/TiO2 or Cyt-c/ SiO2–TiO2 films. The solution phase
oxidation potential for Cyt-c is 38 mV vs Ag/AgCl [24]. The absence of
any Cyt-c oxidation peak in the voltammograms is consistent with the
very limited conductivity of either film for potentials greater than
38 mV. The negative shift of the reduction peaks relative to the
solution mid-point potential is attributed to the limited conductivity
Fig. 9. CVs at 0.1 V s−1 in a pH 7,10 mMNaH2PO4 buffer for a mesoporous TiO2 film and a
mesoporous TiO2 coated with silica.



Fig.10. CVs at 0.1 V s−1 in a pH7,10mMNaH2PO4 buffer for Cyt-c/TiO2filmand aCyt-c/TiO2

coated with silica.
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of the metal oxide films over this potential range. The 100 mV positive
shift of the reduction peak observed for the Cyt-c/SiO2–TiO2 film
relative to the Cyt-c/TiO2 film is consistent with the greater
conductivity of the SiO2–TiO2 films, as indicated by the 200 mV shift
in the control voltammograms shown in Fig. 9.

4. Discussion

The voltammogram of a Cyt-c/TiO2 film shows irreversible electron
transfer from the TiO2 film to the protein above a threshold of ~−0.3 V
[4]. This is a substantially more negative value for Cyt-c reduction than
would be expected on the basis of its solution redox potential. Indeed,
under a low negative applied bias (≥−0.3 V) the immobilized Cyt-c
remains in the oxidised state (there is no absorption increase of the
reduction bands) although its redox potential in solution is +38 mV
vs Ag/AgCl. As the applied negative bias is further increased from
−0.3 V Cyt-c is gradually reduced.

The fact that sometimes the commercial Cyt-c is significantly
impure is not sufficient to explain the high negative potential required
for its electrochemical reduction as similar reduction potentials were
observed for immobilized Cyt-c whether commercial or purified.

Furthermore, the suggestion by some authors [25], that the
electron transfer between the TiO2 film and the immobilized proteins
when applying a high negative potential (−0.7 V) is not direct due to
reduction of hydrogen or oxygen at the TiO2 electrode, is in this case
contradicted by experimental evidence. In the course of the charging
behaviour seen for blank TiO2 films in the range of potentials
investigated, very little current flows through the solution as is seen
from the ratio of the integrated anodic and cathodic currents (minimal
Faradic current) [26]. This is attributed to the fact that the buffer used
is thoroughly purged of oxygen and it is not until significantly more
negative potentials than those applied that reduction of protons
occurs at TiO2 [25]. This is strong evidence that the reduction of Cyt-c
that is observed on the TiO2 electrodes is the result of direct electron
transfer from the TiO2 electrode to the protein and not through the
generation of either hydrogen peroxide or hydrogen at the electrode
or because mediators or promoters were added.

The reduction potential for the immobilized Cyt-c on the TiO2 films
(−0.7 V) is thus due to the low conductivity of the TiO2 electrode below
its conduction band edge and at more positive potentials. This value
can be tentatively attributed to the influence of the electrostatic
charges at the TiO2/solution interface. At the solution pH employed
(pH 7), the surface of the TiO2 is expected to be negatively charged
[3,12], consistent with a negative shift of the protein reduction
potential. Indeed, the change in pH of the electrolyte solution induces
a ~−64 mV per pH unit shift on the potential of the reduction peak of
the immobilized proteins and therefore the well-known dependence
of the conduction band edge of TiO2 films on pH (shifts of approxi-
mately −60mV per pH unit [21]) was confirmed. The insulating region
which results (at potentials positive of −0.3 V) because of the large
band gap of the TiO2 films also explains why scanning in the positive
direction results in no peak due to protein re-oxidation.

Thus, at potentials at which Cyt-cwould be expected to be oxidised
it is well insulated by the TiO2 film because the Fermi level of the film
lies well within its bandgap and its conductivity is therefore very low.
When the applied biases are in the range of −0.3 to −0.6 V, the
adsorbed Cyt-c is getting reduced and the reduction kinetics are faster
the higher the applied bias. Reduction should still in theory reach
completion for potentials bEm (Em defined as the mid-point potential)
of the adsorbed protein. However it is noticed that this completion is
not reached. The reasons could be that Cyt-c behaves differently due to
either different conformation it takes after it is adsorbed, how exposed
and in direct contact with the electrode the heme is, or be linked to
variations in potential felt by the TiO2 electrode. Indeed, how fast the
electrons travel in the electrode and if they get trapped or not depends
on the applied bias and therefore, if the applied bias is lower than
−0.7 V, they are able to reduce some of the adsorbed Cyt-c molecules
but not all of them.

This hypothesis is supported by the spectroelectrochemical
experiments: the potential induced optical changes in nanostructured
TiO2 films are mainly due to the accumulation of electrons in
conduction band states. Using this band filling model, it is possible
to explain the observed spectra. At low negative applied potentials, up
to −0.3 V, the optical absorption spectrum of a nanostructured TiO2

film is the same as the one of an unbiased one. At more negative
potentials a pronounced absorption maximum develops at 750 nm.
This absorbance increase at 750 nm is assigned to intra- and interband
transitions by electrons accumulated in conduction band states. When
high negative potentials are applied to the TiO2 electrodes electron
accumulation and H+ intercalation is accompanied by band filling
according to the following equation:

TiIVO2 þ e−ðexternalÞ þ HþðsolutionÞ→TiIIIOðOHÞ

That is, electrons occupy conduction band states with the accumu-
lated charge being compensated by adsorption of a proton from the
aqueous electrolyte [19,20].

Previous work [21] in addition to our own studies has shown that
in aqueous buffer at pH 7 trap filling effects and electron accumulation
in TiO2 films takes place above −0.3 V. This is due to the large band gap
(3.2 eV) for this material and explainswhy both of the proteins studied
are reduced at more negative potentials than might be expected.

Spectroelectrochemical studies indicate that for all the coated and
uncoated TiO2 films, nearly all (N90%) of the immobilized Cyt-c is
electrochemically reducible. However electrochemical reduction of
the immobilized Cyt-c is observed only for potentials significantly
negative of its solution phase mid-point potential of +0.038 V vs Ag/
AgCl. Reduction peaks in the CVs are observed at −0.58 and −0.48 V for
TiO2 and SiO2–TiO2, respectively.

The use of TiO2 films coated with silica rather than uncoated TiO2

electrodes allows reduction of Cyt-c at less negative potentials,
because of the greater conductivity when TiO2 is coated with SiO2.
As described before [17], the TiO2 conduction band can be shifted
upwards when acidic species are adsorbed onto the nanoparticles.
This shift increases the mesoporous TiO2 film conductivity. On the
other hand, basic coatings such as Al2O3 or MgO2 do have the opposite
effect and lower drastically the TiO2 conductivity, which impedes the
reduction of Cyt-c as illustrated in Fig. 7. In good agreement with this
hypothesis are the results obtained for the zirconia coating (ZrO2 is
considered an acidic metal oxide, those PZC is very close to the one of
TiO2): the same negative potentials as for uncoated TiO2 films lead to
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the reduction of the adsorbed Cyt-c. On the other hand for all the other
coatings more negative potentials (than for uncoated TiO2 films) are
necessary for the reduction of the immobilized protein. One can thus
see a clear correlation between the Cyt-c reduction potential and the
PZC of the coating of the titania electrode.

No protein oxidation peaks are observed in the CVs for all the
coated or uncoated TiO2 films. Re-oxidation of Cyt-c immobilized on
all films, monitored spectroelectrochemically, is achieved only by the
prolonged application of positive potentials (4–120 min). This is
consistent with the essentially insulating behaviour of all materials for
potentials positive of the protein mid-point potential, where the
semiconductor Fermi level lies deepwithin thematerials bandgap.We
note that the prolonged application of moderate negative potentials
to the coated or uncoated/Cyt-c does not result in complete reduction
of the adsorbed protein, as monitored spectroelectrochemically (Figs.
7 and 8). This indicates that the influence of the coating overlayer on
conductivity upon the protein reduction cannot be considered in
terms of the macroscopic film conductivity alone. We note that for the
potential range under consideration, charging of the coated or
uncoated TiO2 films, and, therefore, their electrical conductivity, are
most probably dominated by sub-bandgap trap states. The spatial
distribution of such states is likely to be microscopically hetero-
geneous, andmay result in, at moderate applied potentials, only a sub-
population of the immobilized proteins being electrically accessible.
However, at more negative potentials all of the film becomes
effectively conductive and all of the adsorbed proteins may be
reduced electrochemically, as is observed in Fig. 7.

5. Conclusions

In this paper the electrochemical properties of the mesoporous
TiO2 films were characterised. It is clearly demonstrated that the
immobilized protein studied here retains its electrochemical activity,
characterised by both UV/Vis spectroelectrochemistry and cyclic
voltammetry. However, the TiO2 films have an insulating region at
low negative potentials and this is attributed to their limited
conductivity at such potentials. Conformal overlayers of a range of
metal oxides can be grown on porous nanocrystalline TiO2 films by a
solution chemistry approach under aerobic conditions. Our studies
have investigated four different metal oxide overlayers on TiO2:Al2O3,
SiO2, ZrO2 and MgO2. However, their influence on the reduction of the
immobilized protein under applied biases is remarkably different, and
can be linked to the PZC, and thus the surface charge, of the corre-
sponding metal oxide. This pinpoints the influence of the surface
charge as well as its structure on the design of new biosensors.
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