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a  b  s  t  r  a  c  t

TiO2 nanotubular  structures  were  prepared  by electrochemical  oxidation  performed  in  organic  elec-
trolytes  containing  fluorides  protracted  up  to  different  times.  After  the annealing  treatment,  required
to  obtain  crystalline  structures,  samples  were  submitted  to morphological,  electrical  and  photo-
electrochemical  analysis.

The  obtained  results  suggest  that in  the  presence  of porous  structures  such  as  nanotube  arrays  the
photo  catalytic  behaviour  of  the samples  cannot  be  simply  explained  considering  the  different  specific
areas,  but  also  the  electronic  properties  of  the  electrodes  have  to  be taken  into  account.
eywords:
hotoelectrocatalysis
iO2 nanotubes
lycerol
thylene glycol
lectrochemical impedance spectroscopy

Electrochemical  impedance  spectroscopy  was  used  to correlate  the  morphology  of  these  structures
with  their  electronic  properties  and  their  working  mechanism  in  the  presence  of  a  light  radiation.

A schematic  representation  of  the  nanotube  structures  as  consisting  of two  layers,  compact  and  porous,
proved to  be  appropriate  to  clarify  the  obtained  results.

© 2012 Elsevier B.V. All rights reserved.

ater splitting

. Introduction

Titanium dioxide is a well known semiconductor material: its
hotocatalytic properties, especially in the range of UV wave-

engths, gave rise to such a high number of scientific works, that
itation of all the related papers which have appeared in the liter-
ture is very difficult. Wide-ranging work has been carried out by
everal research groups, such those of Fujishima et al. [1],  Macak
t al. [2],  Grimes and co-workers [3],  just to cite some recent
eviews. Despite this, more questions are still open and several
fforts are addressed to modify the titania structure to extend its
ctivity in the range of visible radiation [4–6]. In this contest, the
ull understanding of the system as well as the modelling of a possi-
le working mechanism of the structure still constitute important
tarting points to engineering photoactive catalysts. In order to give

 contribution in this direction, the present work is addressed to the
tudy of the behaviour of titania nanotubular arrays in the range of
ear visible light.

As it is well known, the electrical and photo-electrical prop-
rties of titania are determined by its non-stoichiometry and the

elated concentration of point defects in the lattice [7,8]. The non-
toichiometry is determined by the apparent deficit of oxygen:
ccordingly, the correct formula of titanium dioxide is TiO2−x where

∗ Corresponding author. Tel.: +39 0706755069; fax: +39 0706755067.
E-mail address: sipalmas@dicm.unica.it (S. Palmas).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.007
x is determined by the concentration of ionic lattice defects. Oxygen
vacancies and Ti interstitials have been considered as predominant
donor defects [8].  However, it has been recently shown [9,10] that
also Ti vacancies formed at the surface and subsequently trans-
ported to the bulk during the oxidation of TiO2, play a crucial role
in photoreactivity between TiO2 and H2O, being the only acceptor-
type intrinsic defects in undoped TiO2 [10].

All these localized states can act as recombination sites (shallow
traps) or trap filling sites (deep traps) [11], influencing the photo-
activity of the titania. Moreover, when TiO2 nanotubular structures
are concerned, these states can be differently located between the
compact base oxide layer and the porous overlayer [12]. There are
many factors that can determine a different distribution of such
defects in these structures: a recent study [13] has shown that dif-
ferences in the anodization curves can be related with different
distributions of defects within the structures and that these defects
are differently sensitive to the annealing treatment. In particular,
a higher surface area and higher concentration of superficial elec-
tronic defects, more sensitive to temperature, can be expected in
the porous overlayer compared to the base oxide.

The presence of multiple donor levels in nanotube structures can
be highlighted by the analysis of Mott Schottky (MS) that shows
variable slopes and high dispersion of data with the frequency.

In the ideal condition in which there are no intragap states, a
linear trend in the MS  plot is expected: the application of a pos-
itive potential moves the electrons away from the charge space
region increasing the depletion and thus decreasing its capacity.

dx.doi.org/10.1016/j.jpowsour.2012.01.007
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sipalmas@dicm.unica.it
dx.doi.org/10.1016/j.jpowsour.2012.01.007
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Table 1
Experimental conditions of anodization for the considered samples. All the anodiza-
tion were performed at 20 V.

Sample Anodization time Anodization bath

G1 1 h
Glycerol 75%, water
25%, [F−] = 0.14 M

G3 3  h
G9 9 h

EG1 1 h
Ethylene glycol 98%,

EG3 3 h
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Table 2
Average values of diameters and wall thickness of the considered samples: the val-
ues have been calculated by analyzing 10 nanotubes on each picture. The error
bar  is calculated by maximizing the difference between the average value and the
experimental value.

Sample Diameter of the tubes (nm) Wall thickness (nm)

G1 131 ± 21 31 ± 4
G3  142 ± 31 36 ± 8
G9  157 ± 49 37 ± 13
EG1 71 ± 13 17 ± 4

at which an increasing disorder is detected at higher anodization
water 2%, [F−] = 0.14 M
EG9 9 h

hen intragap states are present, they are emptied by the applied
otential passing through their energetic levels. During this empt-

ng process, the Fermi level is pinned and the band bending (and
hus the capacity) is independent of the applied potential. More-
ver, when the applied potential is more positive than the intragap
tates, the excess of positive charges accumulated at these emptied
tates shifts the flat band potential to the positive direction decreas-
ng the depletion and thus changing the slope in MS  plot [14]. The

ide variation of data with frequency is just related to the rate of
he ionization of the states, in turn dependent on their energetic
osition inside the band gap [15]. The impedance measurement
an detect the presence of intragap states only if the frequency of
scillation of the applied potential is lower than their emptying
ate. Hence, at high frequencies only the contribution of superfi-
ial and fast states is visible, whereas at lower frequencies also the
ontribution of slower and deep states can be detectable.

Changing the selected operative conditions in the preparation of
he samples (electrolyte, water content, anodization time) can sig-
ificantly influence their morphology and electronic structure. The
tudy carried out is aimed at assessing whether and in which extent
hese changes can influence the electronic properties of nanotube
ayers and thus the effectiveness of the photo-catalytic process.

. Experimental

.1. Electrochemical cell

A three electrode cell was used in all the electrochemical
nd photo-electrochemical experiments, in which a platinum grid
orked as counter electrode and a saturated calomel electrode

SCE) as reference. All the values of potential in the text are referred
o SCE. All the experiments were carried out at the temperature
f 20 ◦C kept constant by water cool recirculation. A potentiostat
MEL 7050 controlled by JuniorAssist software, has been employed

or all the electrochemical studies.

.2. Preparation of the electrodes

Ti foils (0.25 mm thick, 99.7% metal basis, Aldrich) were used as
tarting material to obtain the 1 cm2 TiO2 photoelectrodes accord-
ng to a previously reported procedure [12,13]. After a preliminary
egreasing treatment, the samples were submitted to electrochem-

cal anodization, performed in glycerol or ethylene glycol solutions
ontaining different amount of water and fluoride ions (Table 1).

 potential ramp was applied from open-circuit voltage (OCV) to
 fixed potential (20 V) with a scan rate of 100 mV  s−1; then, the
pplied potential was maintained at this fixed value for differ-
nt times. After oxidation, the electrodes were rinsed in deionized
ater and dried in a nitrogen stream. A subsequent annealing
reatment was needed in order to transform the amorphous into
rystalline structure. Thermal treatments were performed in air
tmosphere for 1 h at 400 ◦C.
EG3 82 ±  12 18 ± 4
EG9 89 ±  15 22 ± 6

2.3. Characterization of the electrodes

Scanning electron microscopy (SEM) was  used to study the mor-
phology of the assembled electrodes. SEM measurements were
performed by a FE-SEM Zeiss Ultra 55 working in the high vacuum
mode (accelerating voltage = 1 kV, WD ∼ 4–5 mm).

Absorption spectra were obtained by using a Cary 5E
UV–vis–NIR spectrophotometer from Varian. The scan regis-
tered the absorption of each sample on the wavelength range:
190–800 nm.  The baseline has been calibrated with a white refer-
ence sample. The software used to analyse the data was  CaryWinUV
Scan Application delivered with the spectrometer (1999).

In the photocurrent experiments the TiO2 sample was submit-
ted to a potential ramp from its open circuit potential (OCV) to
about 1.2 V, at a constant scan rate of 5 mV s−1, in the dark and
under illumination. The value of photocurrent density was taken
as the difference between light and dark currents.

The light source was a 300 W Xe lamp (Lot Oriel): the behaviour
of the samples was  studied using a filter with centre wavelength at
380 nm (band width 10 nm). The average light intensity striking on
the surface of the electrodes was  measured by a photo radiometric
sound (Delta Ohm HD 2302.0) and it was 6 mW cm−2. Photocur-
rents were normalized with respect to incident light power.

Electrochemical impedance spectroscopy (EIS) measurements
were carried out in absence and in presence of light source, at differ-
ent bias potentials for each sample. A frequency response analyser
(FRA, Model 7200 AMEL) was  used to perform these experiments in
a frequency range from 100 kHz to 0.1 Hz. The capacitance values
CSC at the different potentials were derived by the imaginary part of
the impedance evaluated at each frequency. The value of the donor
density (ND) was calculated from the slope of the linear part of the
plot reporting 1/C2

SC vs the applied potential.
A voltammetric analysis was  performed in order to derive the

active surface areas of the samples: cyclic voltammetry (CV) mea-
surements were performed between 0 and 0.5 V at different scan
rates (10–500 mV  s−1). The current densities were calculated using
the apparent geometric area of the electrodes (1 cm2).

All the experiments were carried out in 0.1 M KCl aqueous solu-
tion.

3. Results and discussion

Table 1 summarizes the operative conditions adopted in prepar-
ing the different samples. In the following, samples grown in
glycerol solution will be called G samples, while those grown in
ethylene glycol will be called EG samples; in both the cases the asso-
ciate number indicates the anodization time expressed in hours.

Fig. 1 shows some examples of SEM images of the obtained sam-
ples. Samples G exhibit a more regular structure than samples EG,
times, probably due to the collapse of the nanotubes.
An analysis of all the SEM images related to each kind of sam-

ples, allowed us to estimate the mean values of diameter and wall
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Fig. 1. SEM images o

hickness of the nanotubes: the relevant values have been calcu-
ated by analysing 10 nanotubes on each picture, and the error bar
s calculated by maximizing the difference between the average
alue and the experimental value. As resumed in Table 2, the val-
es related to samples produced in glycerol/water based electrolyte
eems to be higher than those growth in ethylene glycol/water
ased electrolyte: this fact can be due to the different electrolyte
nd also, as reported in the literature, to the different water content
16].

Always literature indicates a higher growth rate of nanotubes in
thylene glycol because of the lower viscosity and the lower water
ontent [17–19]. Also, more regular structures could be obtained
n ethylene glycol using higher anodization potentials [20]: in the
resent case the low potential applied during the anodization could

e the reason for the disorder in the structure. Nevertheless, as
hown in the following, this fact seems to not affect the photo
ctivity of the samples, also due to the obtained large surface
reas.
nvestigated samples.

As  the photo-activity of the samples is concerned, Fig. 2 shows
the absorption spectra of the samples investigated.

As we  expected, all the samples show good absorption capacity
in the UV range, with absorption peaks in the UV-B (280–315 nm)
and UV-C (200–280 nm)  but, due to our interest to possible applica-
tions in the visible range, in the present case the attention has been
focused on the UV-A range (315–400 nm); in particular, the perfor-
mance of the samples have been investigated around the minimum
in the absorption spectrum. To this aim, the curves of photocurrent
versus the applied potential, have been obtained at the incident
light wavelength of 380 nm.

Fig. 3 reports the results obtained at the different samples, nor-
malized with respect to incident light power. As it can be seen,
the shapes of the photocurrents are quite different: the electrodes

grown in glycerol exhibit trends highly dependent on the potential
and the saturation value is not reached, at least in the investigated
potential range; on the contrary, the electrodes grown in ethy-
lene glycol show curves that, after a few mV,  reach a saturation
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Fig. 2. Absorption spectra of the investigated samples.

alue at which the current density does not depend on the applied
otential. Anodization time appears much more effective at elec-
rodes grown in ethylene glycol than at those grown in glycerol.
urthermore, photocurrents obtained at EG anodes are generally
igher than at G samples.

In order to explain these results a further characterization of
he samples was performed accounting for both the morphologic
nd electronic structure of the samples. Actually, as suggested in
iterature [21], when semiconducting nanotubular structures are
oncerned, the photo-activity of the samples may  be determined
y a combined effect of the extent of the active surface area and of
he electronic structure of the semiconductor material.

.1. Surface area characterization

Cyclic voltammetries (CVs) carried out at different scan rates
llow to estimate the total charge associated to the sample as the
um of the outer charge and the inner one, related to different
ccessibility of the electrolyte [22]. The total voltammetric charge
qTOT) is related to the real surface area but is also affected by the
pecific electroactivity of the electrodes. So, a range of potential

etween 0 and 0.5 V where no faradic currents occurred, was cho-
en to estimate the real surface area. In this potential range CV were
erformed at scan rates in the range from 10 to 500 mV  s−1 and total
oltammetric charges were studied as function of the scan rate.

ig. 3. Trend of photocurrents (normalized to incident power light) vs potential, for
he investigated samples. � = 380 nm.
ources 204 (2012) 265– 272

Based on this analysis, the extrapolation of q to � = 0 from 1/q  vs.
�0.5 curves gives the total voltammetric charge (qTOT); the extrap-
olation of q to � = ∞ from the q vs �−0.5 curves gives the outer
voltammetric charge (qOUT), connected to the most accessible sur-
face. The inner voltammetric charge (qIN), that corresponds to the
less accessible surface sites of the oxide layer, can be calculated by
difference. Fig. 4 plots the values of total, outer and inner charges
for the studied samples.

The results show that in all the cases G electrodes have lower
total charges, which can be connected to lower superficial areas.
For G electrodes the total area is almost equal to the external one,
indicating that the electrolyte can exploit almost all the surface.
However, the order of magnitude of the charge for G samples is very
low, and also it seems to be not worthy to carry out the oxidation
for more than 3 h because the low relative increase in the charge.

On the other hand EG electrodes show a large increase in the
total charge with the anodization time, that could support the
higher growth rate. The external charge is not coincident with the
total one, indicating in the case of EG electrodes a minor accessi-
bility for the electrolyte, as could be inferred from SEM analysis
and in agreement with the smallest values of the tube diameters.
However, an increase in the anodization time from 3 to 9 h does not
seem to lead to a further loss in the accessible surface.

Nevertheless, the photo catalytic behaviour of the samples can-
not be simply explained considering the different areas: surface
area ratios of 1:1.7:2, and 1:15:25 for G and EG samples respec-
tively was derived at 1:3:9 h, which are not proportional with the
increasing ratios of photocurrents at the relative electrodes: their
values measured at 0.6 V were in the order 1:1.1:1.2 for G electrodes
and 1:1.5:1.6 for EG electrodes.

So, a further analysis on the electronic properties of the elec-
trodes has to be taken into account.

3.2. Electronic characterization

EIS analysis was  performed either in the dark or under irra-
diation, in order to investigate on the electronic structure of the
samples, and on their working mechanism.

An example of the obtained results in terms of Nyquist plot is
reported in Fig. 5: in agreement with the results from photocur-
rent tests, the impedances recorded at EG sample are lower than
those at G sample. Bode plots of modulus and phase angle are also
reported in Fig. 6 along with the equivalent circuit which was able
to interpret well the data. As already stated with analogous samples
[12,15], the behaviour of the nanotubular samples can be described
as the consequence of a two-film structure conformed by a com-
pact base layers, constituted by the oxide film not interested by
the nanotubular structure, and a porous overlayer, where nano-
tubes are fully developed. Thus, two RQ elements are needed in the
equivalent circuit, to take into account for the capacitive-resistive
processes occurring at the interface of the two  layers. Actually, con-
stant phase elements are used in this case instead of pure capacitors
for a better agreement with experimental data: their admittance
is expressed by Y = Q(jω)n, being n = 1 for perfect capacitors. The
behaviour of the porous layer is associated in this model to the RQ
circuit element presenting the lowest value of resistance: values of
the exponent n quite different from 1 are obtained at this element,
indicating a strong deviation from the ideal behaviour of capaci-
tors and the possible presence of diffusive effects. The RQ circuit
element with higher resistance has been associated to the compact
layer: a behaviour closer to the ideal capacitor is indicated by the
exponent n closer to 1.
The resistance R1, in all the cases around 30–40 � cm2, takes into
account the external and the solutions resistances. All the circuit
parameters obtained for compact and porous layers are reported
in Table 3. On these bases, a different superficial area, as well a
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Table 3
circuit parameters obtained by fitting the experimental impedance results with the selected equivalent circuit.

Sample Porous layer Compact layer

Rp [� cm2] Qp [F cm−2] np �p [s] Rc [� cm2] Qc [F cm−2] nc �c [s]

G9
Dark 716.80 0.23 × 10−2 0.68 2.12 1.02 × 105 0.36 × 10−3 1 36.57
�  = 380 nm 28.57 0.87 × 10−2 0.34 1.6 × 10−2 2.31 × 104 0.38 × 10−3 0.91 10.87

.0 × 10

d
d
d
l
b
b
c
fi

a

F
m
l
l

EG9
Dark 2.972 0.14 × 10−2 0.70 4
�  = 380 nm 

ifferent concentration of defects in the two layers, may  determine
ifferent values of resistance and capacity, and in turn different
istribution of the charges and different depletion regions of each

ayer. So, different rates of the capacitive/resistive responses could
e measured at the two layers: depending on the cases, they can
e comparable each others or one prevailing over the other. Time
onstants (�n = Q × R), also reported in Table 3 as derived from the

t, can help to quantify the processes occurring at the two layers.

In the specific, if the time constants in porous and compact layers
re compared, their very different values indicate that, especially

ig. 5. EIS results for G9 (empty symbols) and EG9 (full symbols): Nyquist plots
easured in the dark (triangles) and under irradiation at 380 nm (circles). Solid

ines refer to the model fit. Data are measured at 0.4 V. Inset: schematic of the two
ayer structure and related equivalent circuit.
−4 3.87 × 104 0.31 × 10−3 0.93 14.79
4484 0.45 × 10−3 0.89 2.17

at the EG9 sample, the process occurring at the compact layer is
the controlling one. About five orders of magnitude are measured
between the two  time constants at EG9 in the dark, indicating a
very rapid process at its porous layer, which is further accelerates
under irradiation: in this case only one RQ element is sufficient to
describe the behaviour of the sample, the resistance of the porous
layer being enclosed in the initial R1 value.

Lower differences are measured between the related time con-
stants at G9 sample: less than two orders of magnitude separate
the two constants so suggesting that for this sample the rates of
the processes at the two  layers are more comparable.

EIS data were also used to perform the Mott Schottky (MS) anal-
ysis [23]. The imaginary component of the impedance Z′′ measured
in a range from 100 kHz to 0.1 Hz allows to evaluate the capacity as
C = 1/(2�f Z′′). Actually, when the semiconductor is under depletion
conditions, the charge space capacitance varies with the potential
following the equation:

1

C2
SC

= 2
εrε0qND

(
(Eappl − Efb) − kT

q

)
(1)

were k is the Boltzmann constant, T the absolute temperature,
q the electron charge, ε0 the vacuum dielectric constant and εr

the relative dielectric constant of TiO2. Therefore, at least theo-
retically, the correlation between 1/C2 and the applied potential
would exhibit a linear dependence. The intersection with the x axis
represents the flat band potential, Efb, whereas the donor density,

ND, can be calculated from the slope of this plot. However, when
porous and defective structures are concerned, MS  plot may show
a wide variation of data with frequency [15,24], so making difficult
the choice of the frequency value at which carry out the analysis.
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ig. 6. EIS results for G9 and EG9: phase angle (empty symbols) and modulus (ast
ata  interpretation. (a) G9 in the dark, (b) EG9 in the dark, (c) G9 under irradiation,

requencies higher than 1 kHz are generally considered sufficient
or Mott–Schottky analysis [25]: however, values of 3 Hz [15],
000 Hz [11], or 3000 Hz [26], can be frequently met  in the related
apers in the literature.

In the present case, the ND values for all the investigated elec-
rodes are calculated at the frequencies of 3 and 3000 Hz. Some
emarks may  be made by comparing the values in Table 4: (i) G
lectrodes show higher ND values than EG samples; (ii) anodiza-
ion time does not seem to be very influential; (iii) for each sample,
D calculated at 3 Hz are definitely higher than that evaluated
t 3000 Hz: as pointed out in the introduction, as the frequency
ecreases defects with longer emptying time can be detected.

To investigate this last aspect, MS  analysis was repeated for each
requency, and the obtained results for the samples G9 and EG9 are
eported in Fig. 7.

ND values always increasing with decreasing frequency are
alculated as result of the increasing involvement of the slow-

esponse defects that correspond to deeper energetic levels in the
and gap. Moreover, data in figure show that the most important
ifferences between G9 and EG9 are measured just at the lowest
requency.

able 4
D values obtained at 3 and 3000 Hz for the investigated electrodes.

Sample ND at 3 Hz (cm−3) ND at 3000 Hz (cm−3)

G1 2.00 × 1023 1.84 × 1022

G3 6.71 × 1023 2.44 × 1021

G9 3.93 × 1023 1.87 × 1022

EG1 3.52 × 1020 7.23 × 1019

EG3 2.65 × 1020 7.89 × 1019

EG9 3.86 × 1022 3.09 × 1021
 Bode plots; solid lines refer to the model fit. Inset: equivalent circuit used for EIS
) EG9 under irradiation. Data measured at 0.4 V.

According to the results obtained from the equivalent cir-
cuit approach, the schematic representation of the nanotube
structure as consisting of compact and porous layers, can explain
these results. The comparison among the time constants associ-
ated to each layer, highlighted that at EG9 sample the controlling
process is that occurring in the compact layer, resulting definitely
slower than that in the porous layer (by five orders of magnitude in
the dark). Therefore data reported for samples EG9 in Fig. 7 could
be representative mainly of the compact layer response.

At the G9 sample the resistive/capacitive behaviour of the two
layers results more comparable. Consequently, also a contribution
of the porous layer could be present for this sample in Fig. 7, that
should be visible at the highest frequencies, since fast and super-
ficial states are expected to be dominant in this layer. Thus, the
stronger difference of data at the lowest frequencies could indicate
for G sample a higher density of defect in the compact layer or its
greater thickness.

The same analysis was performed under light radiation, and the
results are shown in Fig. 8. Data highlight how the larger effect of
the light is exerted on the deeper sites, visible at the lower fre-
quencies. Also in this case, due to its highly conducting character,
the capacitive response of the porous layer is hardly evidenced.

The high increase of ND at EG9 can indicate that surface states at
the compact layer act as traps for the electrons generated during the
irradiation. Due to the higher rate of growth of nanotubes a thinner
compact layer may  be present in EG9. Just this low thickness as well
as the low ND values may  determine a limited effect of the potential.

The depletion region could occupy the entire thickness of the layer
so that the effect of the potential is not more able to liberate the
trapped electrons that thus participate to the capacitive response
of the layer.
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The lower effect of the light on ND values at G9 suggests a very
trong effect of the potential on the photo-generated electrons that
re continuously separated because the thickness of the compact
ayer is always able to support an increasing band bending.

These findings are in agreement with the shape of the photocur-
ents of each sample: at EG9 sample the photocurrent reaches in
ew millivolts the saturation, according to the fact that the potential
s no more influent. On the contrary, at the G samples, the photocur-
ent trend always increasing with the potential is in agreement
ith the photo-induced charges being continuously separated by

he potential.

. Conclusions

The work shows an analysis of the photo-electrocatalytic
ehaviour of TiO2 nanotube electrodes grown in different con-
itions. Results obtained suggest the complexity of the studied
ystems whose behaviour can be explained considering the
chematic representation of the nanotube structures as consist-

ng of two layers, compact and porous, behaving as two  in series
apacitors.

The porous layer is provided with higher surface and defec-
iveness, with a consequent higher electronic conductivity: its
rk (full symbols) and under irradiation (empty symbols).

contribution is reflected in a quasi-nernstian dependence of
photocurrent on the potential, with slope increasing as more exten-
sive and defective is the layer.

In the studied samples the contribution of porous layers is vis-
ible in the quasi-linear slopes of photocurrents and confirmed by
the circuital parameters: at samples EG, smaller value of Rp corre-
spond to very high slopes in the first part of photocurrent curves;
at samples G, higher Rp values correspond to lower slopes. This
is in agreement with the related superficial areas of the porous
layers.

The compact layer proves to be less defective and obvi-
ously with a lower surface area: its contribution is reflected
in the saturation current, and depends on its thickness and
defectiveness.

In the studied samples the contribution of compact layers is vis-
ible mostly in EG samples, where a too thin compact layer and/or
the scarce defectiveness, lead to the saturation of photo-currents.

At samples G, in the investigated range of applied potential, the
response of the system is mainly determined by the porous layer,

and the photocurrent does not reach a saturation value.

It is clear that in order to achieve high performance in terms
of photocurrent, both contributions are crucial. The porous layer
should be as conductive as possible, and this can be achieved
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nhancing the length of the nanotubes and thus their superficial
rea. At the same time, the thickness of the compact layer must be
ptimized to not limit the current and to not constitute a further
esistance to the charge transport.

An engineered structure of the nanotubes is therefore necessary
n order to achieve the best performance.
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