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Abstract The semiconductor properties of the interface
TiO2/electrolyte in high organized porous oxide structures
were analyzed by means of impedance spectroscopy near
the flat band potential. The impedance and capacitance
studies performed on the as-anodized and thermally treated
samples (anatase) indicate the presence of a duplex
structure formed by (1) the oxide at the bottom of the
pores and (2) the walls of pores with different donor
densities and surface state concentrations.
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Introduction

Due to its semiconducting and photoelectrochemical prop-
erties [1], the anodic formation of uniform and compact
layers of TiO2 in different electrolytes was extensively
investigated [2–4]. However, it is only in recent years that
the interest in anodic TiO2 layers has been renewed due to
reports on ordered formation of porous TiO2. The major
part of TiO2 applications is based on its photocatalytic and
photoelectrochemical properties, which mostly are surface

area controlled. Therefore, various methods to generate
nanoporous titanium oxide with a high specific area were
developed, using mainly sintering processes of nanopar-
ticles obtained by sol–gel procedures. The surface proper-
ties of these porous materials can be further modified and
improved by annealing [5–7], doping with nitrogen [8] or
carbon [9], or by attaching suitable organic dyes, the latter
being a common procedure for optimizing the operation of
solar cells [1, 10, 11]. Recently, the formation of highly
organized porous layers of TiO2 by anodization in F−

containing electrolytes was investigated and optimized with
a great success [12–16]. This fact allowed extending the
potential of this material for technological applications not
only due to the highly organized structure but also due to
the good electrical contact with the substrate, which
presents some advantages in an attempt to introduce more
simple assemblies, for example, in the construction of
photochromic devices. Therefore, a better understanding of
the semiconductor properties of such self-organized porous
oxide structures is essential for numerous applications
involving chemical, electrochemical, and photoelec-
trochemical processes at the semiconductor/electrolyte
interface.

In this paper, we analyze the impedance behavior of
layers of high ordered TiO2 nanotubes formed by anodiza-
tion to gain more insight into the surface electronic
properties in these structures.

Experimental details

Sheets of Ti (9.6% purity) were used as working electrode.
They were first mechanically mirror polished with emery
paper and diamond suspension and then sonicated in
acetone, isopropanol, and methanol followed by drying
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with a nitrogen stream. The anodization and electrochem-
ical characterization were performed in a classical cell with
a three-electrode arrangement with nondeareated solutions.
A Pt sheet and a Hg/Hg2SO4/K2SO4(sat) system were used
as a counter and reference electrode, respectively. In a
similar way as reported in [17], the anodization of samples
consisted of a potential ramp of 500 mV s−1 from the open
circuit potential up to different UCτ, followed by a potential
holding at this value for a time (Cτ). In this way, three types
of oxide layers were generated:

(1) compact layers in 1 M H3PO4 (UCτ=10 V, Cτ=10 min,
oxide thickness ca. 25 nm),

(2) layers of short tubes in 1 M H3PO4+0.3% HF (UCτ=
10 V, Cτ=2 h, thickness ca. 500 nm),

(3) layers of long tubes in 1 M NaH2PO4+0.5% HF (UCτ=
20 V, Cτ=2 h, thickness ca. 1 μm).

This treatment was performed by means of a high-
voltage potentiostat Jaissle IMP 88. Subsequent thermal
annealing of oxide layers was carried out at 450 °C in air
during 3 h using a heating and cooling rate of 20 °C/s to
convert the amorphous oxide in anatase. Figure 1 shows the
morphologies of the porous structures where different pore
geometries are observed, namely, short pores of 75 nm of
diameter (method 2) and long pores with an aperture of
150 nm (method 3). The thickness of the pore walls is
difficult to be determined by scanning electron microsco-
py (SEM), but it can be estimated to be between 20 and
30 nm.

The electrochemical characterization was performed in
acetate buffer solution of pH 6. Acetate and borate buffer
solutions of pH 2.73–9 were also used for pH-dependence
studies. All measurements were performed in the dark.

The surface morphology of nanostructured layers was
characterized by means of a scanning electron microscope
Hitachi SEM FE 4800.

Impedance measurements were carried out with a
universal electrochemical interface and an impedance
spectrum analyzer Zahner IM6d.

Results and discussion

Impedance studies

The analysis of the impedance spectroscopy performed on
the oxide layers offers a first approach to investigate their
electronic properties. Spectra were taken at potentials more
positive than and close to the flat band potential to avoid
modifying the conductive properties arising from the
reduction to Ti3+ [18].

Figure 2a shows the impedance spectra taken at different
potentials on amorphous and annealed samples of compact

and porous oxides constituted by ordered tubes of 0.5 and
1 μm. At first glance, the impedance spectra denote the
presence of two time constants, which can be ascribed to
the response of the semiconductor space charge layer in
series with the Helmholtz layer in the electrolyte side.

Figure 2b depicts schematically this concept, where an
equivalent circuit describing the impedance behavior of the
different interfaces is presented. Here, it is also assumed
that the complex behavior can be reduced to two parallel
resistance–capacitance elements in series with certain
frequency dispersion, represented by the α exponent. Solid
lines in Fig. 2a show the results from fitting the
experimental results according to the model presented in
Fig. 2b, whose parameters are summarized in Table 1.

If we look at the results obtained on the amorphous
oxide, we can observe that while the capacity of the
semiconductor layer increases, that of the Helmholtz layer
remains practically constant with a distribution coefficient
α of approximately 0.5. Such a coefficient and the
constancy of CH suggest the presence of a diffusion-
controlled process that takes place apparently in the base

Fig. 1 SEM top view and cross sections for the porous layers formed
after anodization in: a 1 M NaH2PO3+0.3% HF at 10 V and b 1 M
H3PO3+0.5% HF at 20 V
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of the pores. Then, the increases of oxide capacity can be
explained in terms of a shift of the flat band potential
toward more positive values as discussed later. This can
also be noted by the stronger decay of Csc in the long
porous oxide at 0 V due to a larger distance from Ufb.

As expected, the oxide annealing introduces substantial
modifications in the impedance response of the porous
oxides. At U=−0.5 V, that is, close to the flat band
potential, an increase in both the semiconductor and the
Helmholtz capacitance with α of approximately 1 is

observed, indicating an interface reaction extended to the
whole surface of tubes. It is interesting to note that after
driving the potential in the depletion zone of the semicon-
ductor (U=1 V), the space charge capacitance takes a
similar value for all oxides, whereas the Helmholtz
capacitance increases with the area of pores.

The different potential dependences of the Helmholtz
capacitance after annealing can be explained in terms of a
considerable increase in the electronic conductivity of the
oxide tubes as the reduction in the density of traps seems to

Fig. 2 a Impedance spectra taken on as-anodized and annealed
compact and porous oxides of 0.5 and 1 μm long tubes at different
potentials in acetate buffer solution pH 6. Symbols, experimental

results; solid lines, fitting curves obtained using the model depicted in
subpanel b. b Equivalent circuit representing the impedance response
of the porous TiO2 layers
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be a cause for the increase in conductivity, which affects
directly the electron mobility [19]. Thus, it would also
mean that the constancy of CH in the amorphous oxides is a
consequence of the small reactivity (due to its high
resistivity) of the high disordered tubes.

The more disordered structure and the introduction of
electrolyte anions into the outermost part of the oxide layer
during the anodization lead to the generation of a large
amount of oxide defects leading to dissimilar extents of the
depletion layer. Therefore, oxide annealing is expected to
greatly modify the concentration of defects reducing the
density of trapping defects. X-ray photoelectron spectros-
copy (XPS) studies performed by Lausmaa et al. [20] and
Marino et al. [21] have demonstrated the incorporation of
SO�2

4 and PO�3
4 into the outer layers of the oxide during the

anodization, similarly as it occurs in the case of aluminum
[22]. The incorporation of anions is expected to depend on
the established electric field. Thus, different extent of
penetrations and related defects are expected for the oxides
obtained under different potential conditions.

Mott–Schottky analysis: enhancement of the interfacial
effects in porous oxides

To advance in the understanding of the semiconductor
properties of the different oxides, the potential dependence
of capacitance was analyzed at different frequencies using
the Mott–Schottky theory. This is the most common way to
determine the Ufb and the donor concentration N in a
specific electrochemical system by using the well-known
equation valid for the depletion zone of the semiconductor
[23]:

C�2
SC

¼ 2

""0eN

� �
U � Ufb � kT=eð Þ ð1Þ

where Csc represents the differential capacitance of the
space charge layer. Thus, the flat band potential is given by

the extrapolation to C−2=0 whereas N can be calculated
from the slope of C−2 vs U plots.

The existence of a high concentration of multiple donor
levels in the band gap can promote an indirect tunneling of
electrons through the semiconductor layer, resulting in a
variation of the slope of Eq. (1) with the frequency. This
frequency dependence is determined by the distribution of
relaxation times for the electron emission to the conduction
band, which in turn depends on the position of the states
relatively to that. Thus, at a sufficient low frequency, the
response of a large fraction of the frequency-dependent
donors is expected [24]. In addition, the influence of the
Helmholtz capacitance is avoided (cf. Fig. 2a).

Figure 3 presents a comparison of the Mott–Schottky
plots obtained on as-anodized and annealed samples at
different frequencies. It can be observed that in all cases,
the curves show the presence of a change of slope
(crossover) that becomes more marked after annealing and
which can be associated with the ionization of band states.

Regarding the as-anodized compact and porous oxides,
one can observe that here, a wider frequency dispersion
than after annealing seems to be present. Then, flat band
potentials Ufb=−0.8 V and Ufb=−0.75 V for the compact
and porous layer, respectively, could be estimated at f=
3 Hz. In spite of the proximity of the flat band potentials,
some differences can be noted, however, in the potential
dependence of the slope, suggesting a higher concentration
of energy states near the conduction band of the compact
oxide, which in turn is related to a more disordered oxide
structure. This is also reflected in the noticeable increase of
the slope after annealing in the compact oxide, which
contrasts practically with the absence of changes in the
porous layer. In both cases, the annealing leads to a
narrower frequency-dispersion, i.e., a sharper distribution
of the relaxation times of ionization. Although similar
diagrams are observed for the compact and porous oxides
after annealing, lower values are observed for the latter.

Table 1 Circuit parameters
obtained after fitting the ex-
perimental impedance results
showed in Fig. 2a with a two
parallel RC circuits connected
in series with the electrolyte
resistance

In parentheses: α, frequency
dispersion coefficient

U/V COX/μF cm−2 CH/μF cm−2 ROX/Ω cm2 RH/Ω cm2

Amorphous
Compact −0.5 13.2 (0.97) 5.4 (0.56) 58.9×106 33.9×103

Porous 0.5 μm −0.5 41.3 (0.91) 8.2 (0.78) 40.6×106 6.1×102

0 25.8 (0.96) 6.5 (0.81) 7.1×106 1.8×103

Porous 1.0 μm −0.5 398 (0.97) 4.1 (0.41) 4.9×106 1.6×102

0 8.4 (0.78) 3.4 (0.77) 4.9×106 20.7×103

Annealed
Compact −0.5 5.5 (0.87) 15.0 (0.96) 20.6×106 4.9×103

1.0 3.4 (0.89) 11.5 (1.00) 3.0×106 3.8×103

Porous 0.5 μm −0.5 85.0 (0.99) 60 (0.93) 6×106 2×106

1.0 10.0 (0.95) 60 (1.00) 18×106 1×102

Porous 1.0 μm −0.5 350 (0.98) 150 (0.94) 4.9×106 1×105

1.0 6.8 (0.98) 150 (1.00) 3×106 2×102
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This result cannot simply be explained considering a
larger surface area of the porous layer with the semicon-
ductor behavior of the compact oxide. By considering that
1/Cgeom

2=(Ageom/Aporous)
2 (1/Creal

2), a ratio of (Aporous/
Ageom) approximately 1.5 is obtained (using the capacitance
values at the crossover). This value appears unrealistic as a
factor of 20 can be estimated from SEM images. Further-
more, the marked difference of the flat band potentials of
the annealed oxides (Ufb=−0.725 V for the compact and
Ufb=−0.33 V for the porous layer) cannot be explained in
terms of a change in surface area (cf. Fig. 4). A significant

shift of the flat band potential is also observed comparing
the porous oxide before and after annealing. Then, the fact
that the shape of the Mott–Schottky curve remains
practically without changes suggests that this potential shift
is rather related with a shift of the Fermi level of the oxide
caused by: (1) the presence of a second more conductive
oxide film with a different Fermi level or (2) the variation
of the potential drop at the oxide/electrolyte interface as a
consequence of a change in the surface chemistry.

Values of N=4.19×1019 cm−3 and an apparent N*=
1.63×1020 cm−3 (referred to the geometrical area) for the
annealed compact and porous layer, respectively, were
estimated from the first linear part of the C−2 vs U plots by
using Eq. (1). Thus, the idea of interpreting the behavior of
the porous oxide as a simple extension of the surface area
of the compact oxide does not seem to be in line with the
expected increase of the donor concentration. In fact, if this
was the case, the density of the donor would be given by
the relation: Nporous=(Ageom/Aporous)

2Ngeom. After an esti-
mate of the area of tubes from the SEM pictures, a value of
Nporous=9.5×10

16 cm−3 is obtained, which appears to be
quite low for anodic oxides. Although the values reported
for the donor concentration vary markedly according to the
preparation conditions, they are typically within the range
1019–1020 cm−3 [25–27]. Therefore, an explanation con-
sidering a very low donor density in the pore walls seems
rather unlikely.

A more realistic hypothesis for explaining these results
assumes a highly doped tube structure, in such an extent

Fig. 3 Mott–Schottky plots
obtained before and after
annealed on compact oxide and
porous layers of 1-μm-long
tubes in acetate buffer solution
of pH 6. f=300 to 3 Hz

Fig. 4 Comparative Mott–Schottky plots obtained on annealed
compact and porous layers in acetate buffer solution of pH 6 and at
f=3 Hz
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that a larger space charge layer will be built at the base of
the pores whereon the density of defects is expected to be
similar to the compact oxide. Therefore, one could model
the porous layer as a duplex oxide constituted by highly
conducting tubes placed on a base oxide layer, as already
suggested in the discussion of the impedance spectra.

The presence of two regions in the Mott–Schottky plots
is another matter of discussion and is a characteristic feature
observed in TiO2 layers. The crossover was already
observed by Van de Krol et al. [28] on studying e-beam
deposited TiO2 films on conducting glass. They explained
this fact in terms of a limitation of the space charge layer
growth by the film thickness. However, this explanation
does not seem to be convincing in our case. The depletion
layer length of a semiconductor can be estimated by:

LD ¼ 2""0
eND

� �1=2

U � Ufb � kT=eð Þ1=2 ð2Þ

where ɛ is the dielectric constant of TiO2, assumed equal to
42. According to Eq. (2), a length of 7 nm for the space
charge layer is estimated at the crossover potential for the
compact layer formed at 20 V, with a thickness of ca.
50 nm. Moreover, practically the same crossover potential
is observed for an oxide of 25 nm thicknesses (cf. Fig. 4).
Therefore, different slopes in the low band-bending regions
are attributed to a dependence of the concentration of
defects on the formation potential [29].

Other authors [29, 30], however, considered the exis-
tence of multiple donor levels that are successively ionized
with the potential increase for explaining the presence of a
crossover. This would lead to a continuous change of the
Mott–Schottky slope with potential, which can be resolved
by applying the modified Mott–Schottky equation pro-
posed by Dean and Stimming [31]. This analysis predicts a
continuous increase of the donor concentration up to a
constant value at (U−Ufb) of approximately 1 V for anodic
amorphous TiO2 [29], pointing out the presence of a donor
band below the conduction band. The present findings
show that crossover occurs for compact annealed and
nonannealed films and for tubular annealed and non-
annealed films. This clearly supports the idea of an intrinsic
TiO2 electronic state model rather than a geometrical effect.

The influence of pH

To investigate the interfacial effects of the oxide on the
semiconductor properties, the Mott–Schottky analysis was
performed on annealed oxides in buffer solutions of
different pH’s (Fig. 5). It can be observed that the low
band-bending parts of the curves shift toward more
negative values with pH increase. This potential shift
reflects the change of the potential drop at the double layer
as a consequence of the acid–base reaction of the surface–

OH groups. Thus, in the absence of surface states and
adsorbed ions, the following pH dependence of the flat
band potential is expected:

Ufb ¼ Ufb;iep � 2:3 kT pH� pHiep

� �
ð3Þ

where Ufb,iep and pHiep are the flat band potential and the
pH at the isoelectric point, respectively, which was recently

Fig. 5 pH dependence of the Mott–Schottky plots obtained on
annealed a compact and b porous (with 1-μm-long tubes) oxides. c
pH dependence of the flat band potential for the different oxides
obtained by extrapolation of the low band-bending parts to C−2=0
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reported to be 5.8 for anatase [31]. Two zones can be
clearly distinguished at both sides of the isoelectric point,
where a marked increase of the slope of the Ufb vs pH plots
is observed for the porous films. For instance, the compact
oxide shows a slope of 75 mV/pH (Fig. 5c), which is
higher than 59 mV/pH as predicted by Eq. (3) for an ideal
case. This fact indicates some lack of ideality in the surface
chemistry of the oxide. This slope deviates even more from
the ideal value for the porous oxides, with values of
105 mV/pH and 166 mV/pH for the 0.5 and 1 μm long
tubes, respectively, indicating a strong influence of the
surface chemistry. This result suggests that the extended
area of the high defective oxide tubes generates a larger
amount of surface states with a consequent stronger Fermi
level pinning effect on the base of pores. This in turn is
related to the higher surface capacity shown by the porous
oxides in the annealed form (Table 1).

The fact that different slopes are observed around the
isoelectric point may be related to the nature of the surface
states. In fact, it was suggested that the formation of
surface states is related on incomplete coordination of
surface Ti atoms [32], which seems to be favored at pH <
pHiep.

The change of solution pH also affects, but in a lesser
extent, the concentration of donors, as can be inferred from
some pH dependence of the slopes of the Mott–Schottky
plots. This effect is more pronounced in the high band-
bending zone and even more in the case of the short tubes
oxide (cf. Fig. 5b). This effect cannot be associated with the
reductive effects of the hydrogen intercalation, which is
observed at potential more negative than the flat band
condition with a consequent marked increase of the donor
concentration [18, 32]. Furthermore, the results presented in
Fig. 5 were obtained with a potential scan starting from the
anodic limit toward cathodic potentials. Therefore, it is
clear that the effects of pH are rather related to modifica-
tions of the surface chemistry.

Model

The impedance behavior of the porous structures can be
interpreted considering a duplex oxide structure where the
wall of the oxide tubes present a higher donor concentra-
tion with a consequent higher electronic conductivity than
the underlying layer, whose behavior can be considered
similar to the compact oxide (Fig. 2b). According to this
model and accepting that the system is under electronic
equilibrium, the introduction of the pore walls with a
higher donor concentration will shift the energy levels of
the compact layer toward higher energies (cf. Fig. 6). This,
in turn, is reflected by a positive shift of the observed flat
band potential. The total capacitance of the oxide will be
given by:

1

Cox
¼ 1

CSC bottomð Þ
þ 1

CSC wallsð Þ
ð4Þ

Taking into account that Csc ∝ √ND in the depletion
region and that Nwalls >> Nbottom, the observed capacity
response will be dominated by the underlying oxide, i.e.,
Cox ≈ Csc(bottom). Due to the high conductivity of the walls,
the nanotubes can be regarded as an electronic conductor
connecting the base semiconductor with the double layer in
the solution side. Therefore, the observed response corre-
sponds to that of the bottom oxide, whereas the influence of
the oxide tubes can be centralized in the shift of the Fermi
niveau of the underlying bottom oxide together with the
enhanced surface chemistry effects.

The annealing process causes a decrease of the concentra-
tion of defects. As a consequence, the flat band potential shifts
toward more positive potentials. Therefore, the different
Fermi level shifts in the base and walls conduct to a more
marked effect in the case of porous oxides (cf. Fig. 3).

The effects of the presence of a porous structure on the
pH dependence of the flat band potential can also be related

Fig. 6 Schematic representation of the porous oxide structure with the corresponding changes of energy levels of the compact oxide before and
after the contact with the as-anodized and annealed pore walls

J Solid State Electrochem (2007) 11:1077–1084 1083



to the double semiconductor structure. Here, it is expected
that the shift of the Fermi level of the compact oxide will be
controlled by the surface chemistry of the pore walls. Thus,
the noticeable potential shift at pH<6 in the porous oxide
(cf. Fig. 5c) can be explained in terms of the acid–base
reactions of the –OH groups on the surface of the pore
walls and the fact that the potential drop “seen” by the
underlying oxide is given by:

Δϕox�el ¼
ΔqA pores

CA bottom
ð5Þ

as part of the surface charge generated in the pore walls
must be compensated in the bottom oxide. The presence of
these groups would also conduct to the formation of surface
states, whose charging brings about a pinning of the Fermi
level. However, more work is necessary to throw light on
this matter.

Conclusions

According with the results of the impedance study of the
semiconductor properties, there is evidence for different
electronic structures of the walls of pores and the
underlying oxide. Thus, their semiconductor behavior can
be well explained considering a high conductive structure
of the wall of oxide tubes in electronic equilibrium with a
compact oxide in the bottom. In this structure, the surface
chemistry of the tubes introduces considerable changes in
the semiconductor behavior of the compact layer such as
the shift of the flat band potential.
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