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The fabrication process and the growth mechanism of titanium/titania nanotubes prepared by anodization process is reviewed, and
their applications in the fields of dye sensitized solar cells, photocatalysts, electrochromic devices, gas sensors, and biomaterials are
presented. The anodization of Ti thin films on different substrates and the growth process of anodic titanium oxide are described
using the current-time curves. Special attention is paid on the influences of the initial film smoothness on the resulted nanoporous
morphologies. The “threshold barrier layer thickness model” is used to discuss the growth mechanism. As a case study for gas
sensing, anodized highly ordered TiO2 nanotube arrays and nanoporous thin films that show porous surface with an average
diameter of 25 nm and interpore distance of 40 nm were prepared. Gas sensors based on such nanotube arrays and nanoporous thin
films were fabricated, and their sensing properties were investigated. Excellent H2 gas sensing properties were obtained for sensors
prepared from these highly ordered TiO2 nanotube arrays, which present stable response even at a low operating temperature
of 90◦C. Based on our experimental results, “H-induced O2− desorption” mechanism was used for explaining the hydrogen gas
sensing mechanism.
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1. Introduction

Nanoporous structures are of significant importance in a
variety of nanostructured because they not only have the
common properties that are widely seen in nanomaterials
such as surface effect, size effect, and enhanced chemical
and optical properties but can also be used as “nano-
templates” to fabricate other nanostructures such as nan-
odots, nanowires and, nanotubes, which further expand
their potential applications. In recent years, in line with the
increase in research on the development nanomaterials, the
properties of a variety of novel functional devices have been
largely explored based on the unique optical, mechanical,
chemical, and electrical properties of nanomaterials.

It is undoubtedly agreed that anodic alumina oxide
(AAO) is one of the most investigated nanostructures and has
attracted lots of interests. With the development of AAO and
its growth model and mechanism, the anodization process
has been adopted to the other metals such as Ti, Ta, Nb,
W, Hf, and Zr, and so forth (so called valve metals). Many

different nanostructures have been fabricated from those
metals, and more applications as well as functionalities have
been developed, and are still actively under investigations.

The applications of nanomaterials include photolu-
minescence [1–11], sensors [12–16], photo-catalysts [17],
DSSCs [18–23], high-density vertical magnetic storage [24–
30], field emission devices [31–37], rapid response elec-
trochromic devices [38], and so forth. In this review paper,
we focus on the recent progresses in the field of anodic
titanium nanotube/nanoporous thin film fabrication and its
applications in gas sensors.

2. Fabrication of Anodic Titanium Nanotubes

The preparations of TiO2 nanotubes were reported through
hydrothermal synthesis [39, 40] and templated sol-gel pro-
cess [41]. However, the first report on nanoporous structure
of anodized Ti metal can be traced to 1920s. In 1999, Zwilling
et al. [42, 43] found that when chromium acid was used
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Figure 1: Typical SEM images of anodic titanium oxide (ATO)
nanoporous thin film.
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Figure 2: Current transient during the anodization process.

as the electrolyte to perform the anodization on titanium
and its alloy (TA6V), a compact oxide film was obtained,
while in an HF/chromium acidic electrolyte, a nanoporous
structure was obtained instead. In 2001, Grimes and his
team reported their systematic research on the nanotubular
structures obtained by titanium anodization process. Such
an anodization process has since attracted an increasing
interest with the establishment of its growth model, crystal
structure, and the other relating theories. Meanwhile, a
series of functional devices were developed based on such
nanostructures.

The development of anodic titanium nanostructures will
be reviewed in this paper. Experimental results confirmed
that the types of electrolytes as well as the anodizing
potential, processing temperature, and reaction time are the
key factors that affect the final nanostructures which all will
be discussed in this paper. A comprehensive report on the gas
sensing properties of such films will also be presented.

2.1. HF Acid-Based Anodization. HF acid is widely used as
the electrolyte since it has the highest efficiency for the
anodization of titanium, and the anodization parameters
were studied and optimized. Gong et al. [44] reported
that when 0.5 wt% HF was used, a nanoporous structure
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Figure 3: Schematic diagram of the passivation and repassivation
effect during the anodization process.

was obtained at a relatively low anodizing potential (<3 V)
while discrete nanotubular arrays were obtained when the
potential >5 V. With increasing the anodizing potential
to over 40 V, randomly distributed pores were observed
because of the deterioration of the nanotube structure. Their
research showed that the electrochemical window for the
nanotube formation is in the range from 10 V to 40 V which
strongly depended on and related to the concentration of
the electrolyte and the applied potential. They also reported
that the diameter, wall thickness, and length of the nanotubes
increase with the increase of anodizing potentials.

More anodization experiments were performed in HF
contained mixture electrolytes. Mor et al. [45–49] reported
that when anodization was carried out in the oxalic acid/0.5
wt% HF (1 : 7 in volume ratio), the resulted nanotube
did not show a significant difference in diameter and shape
except for wall thickening. When anodized at 10 V, the inner
diameters of the nanotubes were approximately 20 nm, and
the wall thicknesses were∼15 nm. Further study showed that
the wall thickness and the tube length are both a function
of the anodizing temperature. With decreasing anodizing
temperature, because of the low dissolution rate, the wall
thickness increases and then causes a high filling between
the interspace of neighboring nanotubes which ultimately
connects the nanotubes and forms a nanoporous structure.
This result proved that, during the anodization process,
chemical dissolution and electrochemical etching are the two
key processes.
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Figure 4: Schematic diagram of the dynamic balance during the anodization process.
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Figure 5: Schematic diagram of the relationship between the
surface structure and the final morphology.

Beranek et al. [50] reported the anodization process in
H2SO4/HF electrolyte. In their report, the anodic current
goes smoothly when anodization is performed in H2SO4

electrolyte. In HF-electrolyte, however, continuous oscilla-
tion occurs, and the scope is related to the concentration.
They explained that there exists a competition between oxide
formation and dissolution, and HF is the key factor, which
causes the dissolution of oxide layer. Such a competition
finally results in a length limitation when nanotubes are
fabricated in HF contained electrolytes. The study of the
relationship between the length of the nanotube and the
“competition between oxide formation and dissolution”
is very unique. They also observed an oscillation in the
anodizing current, but they did not give a reasonable
explanation for it.

2.2. Neutral Electrolyte-Based Anodization. As discussed
above, Beranek’s discussion on the relationship between
nanotube length limitation and growth mechanism is very
interesting, and such a viewpoint was confirmed by Macak
et al. [51, 52] and Bauer [53]. Macak pointed out that there
exists a length limitation of several hundred nanometers
when anodization is performed in HF-based electrolytes. The
reason for such a limitation is the dissolution caused by

acidic electrolyte on the top of nanotubes. As a result, in
order to obtain nanotubes with a higher aspect ratio (L/D),
the dissolution rate at both top and bottom of the nanotube
should be adjusted, which means that the formation rate of
the nanotube at the bottom should be enhanced while the
dissolution of the existed nanotube on the top should be
restrained. They realized it by the application of a type of
neutral electrolyte, and the nanotubes with extremely large
aspect ratio were obtained. The neutral buffered electrolytes
used in their experiments were NH4F/(NH4)2SO4 [51] and
NaF/Na2SO4 [52]. By the application of neutral electrolyte, a
low pH value was established at the bottom of the nanotube
which enhanced the growth rate, while at the top and wall
area of the nanotube, a relatively high pH value prevented
the electrochemical dissolution. As a result, the “second
generation” nanotube array with large aspect ratio was
succeeded. The research which has been performed by Macak
to adjust the pH value of the electrolyte at different parts of
the nanotubes is of significant importance.

Anodic titanium nanotube arrays with a length of several
micron meters were also reported by Grimes et al. [54, 55]
when the anodization was performed in a KF (or NaF)
electrolyte. According to their results, the pH value has a
significant effect on the electrochemical dissolution during
the anodization process. Such an effect is caused by the
hydrolysis of titanium ions. Usually, longer nanotubes are
formed when keeping the pH value of the electrolyte at a
high level (< 7). At a given pH value, the length and diameter
of the nanotube increase with increasing the anodization
potential. However, at a given potential, the diameter is not
affected by the pH value.

Cai et al. [54] reported that the extension of anodizing
time does not increase the length of the nanotubes when
anodization is performed in strong acidic electrolyte (pH <
1); in weak acidic electrolyte, however, the tube length
increases with the increasing of anodizing time. According
to their results, the nanotubes with large aspect ratio can be
obtained in a pH range of 3–5. The nanotubes formed in
an electrolyte with a low pH value is found to be short but
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Figure 6: SEM images of (a) Ti thin film fabricated by RF-sputtering and (b) after anodization in a 0.5 wt% NH4F/EG electrolyte.

very “clean”, while a high pH value may help to form longer
nanotubes, severe coverage occurs at the open mouth of the
nanotubes, and no nanotubular structure could be formed
in alkaline electrolytes. The studies of the effect of pH value
on nanostructure morphologies given by Cai and coworkers
are systematic, they confirmed again that the competition
between formation and dissolution of oxide layer is the key
driving force of nanotube growth, and the major factor of the
length of final tubes as well.

Macak et al. [56–58] and Richter et al. [59] noticed
subtly in their results the regular strips on the outer wall
of nanotubes and ascribed such strips to the current oscilla-
tions. They explained that when associating anodizing time
with the tube length, the frequency of current oscillation
exactly matches the distance between the neighboring strips.
Based on this assumption, the pH value breaking is the
primary cause of the current oscillation and final formation
of the strips. Subsequently, they replaced the conventional
electrolyte with a high-viscosity electrolyte to control the
pH breaking, and the nanotubes with smooth walls were
successfully prepared.

2.3. Organic Electrolyte-Based Anodization. With the devel-
opment of Ti anodization techniques, a variety of elec-
trolytes were investigated to evaluate their effects on the
nanostructure morphologies. The electrolytes used are not
within the limitation in conventional aqueous solutions but
with multiple choices to organic solutions. Tsuchiya et al.
[60] reported one type of titanium nanotube arrays with
“coral reefs” morphology which is quite different from the
previously reported nanostructures. Such nanotube arrays
were fabricated at high anodizing potential in F-contained
“water-free” acetic acid electrolyte. However, they did not
give the explanation of the effect as why the using of acetic
acid may result in such a nanostructure.

Ruan et al. [61] formed highly ordered nanotube
arrays when performed the anodization in an HF-contained
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Figure 7: AFM image of Ti thin films fabricated by an FCVA
process.

dimethylsulfoxide (DMSO)/ethanol mixture electrolyte.
According to their report, the nanotubes obtained in such
an electrolyte present an enhanced photoelectric response
compared with that formed in conventional aqueous elec-
trolytes. The excellent properties were ascribed to the
unique morphologies. However, they did not point out the
relationship between the electrolyte and the morphology.

3. Mechanism Model and
Crystallization Process

The most widely acceptable growth mechanism of anodic
titanium is originated from the growth mechanism of AAO
[55]. The formation process of titanium nanotubes is similar
to those of AAO including the following procedures: (1)
formation of an oxide layer at Ti metal surface when
reacting with O2− and OH− at the anode; after that, the
anions diffuse into the oxide layer and continuously react
with the metal beneath; (2) migration of Ti4+ from the
oxide/metal interface to metal/electrolyte interface under the
electric field; (3) dissolution at the oxide/electrolyte interface;
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Ti-O bond becomes weak under the applied electric field
which causes the dissolution; Ti4+ goes into the electrolyte
while the free O2− ions diffuse across the oxide layer and
react with Ti metal at the oxide/metal interface; (4) since
acidic electrolytes are most used for the Ti anodization,
the chemical dissolution cannot be neglected. In the Ti
anodization, nanotubular structures (discrete nanotubes)
instead of nanoporous structure are commonly obtained
compared with that in Al anodization process.

It is of significant importance to investigate the crystal
structure of anodic titanium since it is closely related to its
properties and applications. For instance, anatase titanium
dioxide is widely used in DSSCs, while TiO2 with rutile phase
finds its applications in gas sensors as a dielectric layer.

The as-prepared anodic titanium is amorphous and
crystallizes after annealing process. Varghese et al. [62]
investigated the crystallization process of anodic titanium
by anodizing titanium in HF electrolyte at 20 V with
the following annealing in O2 at different temperatures.
According to their report, anodic titanium remains an
amorphous structure when the annealing temperature is
below 250◦C, and anatase structure appears at the annealing
temperature between 250 and 280◦C. When the temperature
is close to 430◦C, rutile phase can be found according
to the XRD results. Beyond 430◦C, rutile phase becomes
dominant,and at annealing temperature between 620 and
680◦C, the anodic titanium transfers fully to rutile phase
TiO2. Varghese et al. also investigated the grain size of the
anatase TiO2 as well as the rutile TiO2 and found that
initially the grain size of anatase phase increases with the
temperature increasing. It followed by a decrease at 480∼
580◦C and increases again after 580◦C. As for the grain size of
rutile phase, it continuously increases with the increasing of
annealing temperature. There is 31% rutile phase structure
at 430◦C and 75% at 480◦C; it reaches 91% when annealing
temperature is as high as 580◦C.

When the anodization was performed in H3BO3-HNO3-
HF electrolyte or in HNO3-HF electrolyte followed by
annealing in O2, very similar results were obtained compared
with that in HF electrolyte. In KF (or NaF), the XRD results
showed that the anodic titanium remains amorphous below
the annealing temperature of 230◦C, and not until 280◦C
it starts to crystallize. The results are exactly the same with
the experiments performed in HF aqueous solutions without
any added acid. Therefore, one can draws a conclusion that
neither the concentration of electrolyte nor the pH value
has any effects on the crystallization temperature of titanium
nanotubes.

It is worthy to mention that, according to Mor’s studies
on the anodization of titanium thin film sputtered on
glass substrates, when there is discontinuous metal thin
film remaining at the bottom of nanotubes, even at an
annealing temperature of 500◦C, no rutile phase is obtained.
Such a result is in contrast with that when anodization
was performed on Ti metal sheet/foil. However, when the
nanotubes with thick, continuous metal film was annealed,
both anatase and rutile were obtained at an annealing
temperature of 480◦C, which is similar to the XRD results
when performing anodization on Ti sheet [54, 63, 64]. Based

on these results, Mor et al. gave their assumption that rutile
phase only forms at the oxide/metal interface when Ti metal
is thermal oxidized, while because of the confinement by
the wall of the nanotubes, the increscent nuclear grain size
prevents its transformation to rutile phase. This assumption
was confirmed by selected area electron diffraction (SAED)
when analyzing single nanotube which is annealed at 600◦C;
anatase instead of rutile phase was observed at the wall of the
nanotube.

4. Applications of Anodic Titanium

4.1. Water Photolysis. Grimes and his coworkers [65–
68] reported their research on the water photolysis by
using anodic titanium nanotube arrays as the anode. By
illuminating the nanotube arrays under UV light (320∼
400 nm, 100 mW/cm2) and then investigating the relation-
ship between I-V curve and anodizing temperature, they
found that the current density obtained from nanotubes
anodized at 1.5 V, 5◦C is 3 times higher than that of anodized
at 50◦C and, low temperature anodization always results
in the increasing of the slope in I-V curve. The highest
quantum efficiency of 90% is obtained when the sample
anodized at 10 V; 5◦C is illuminated under 337 nm UV light
(2.7 mW/cm2).

4.2. Dye Sensitized Solar Cells (DSSCs). Mor et al. [69, 70]
reported transmitted type of DSSCs based on highly ordered
TiO2 nanotube arrays. In their research, Ti thin film with a
thickness of 400 nm was sputtered on an FTO glass substrate
followed by an anodization process in 0.5% HF/acetic acid
(7 : 1 in volume ratio) electrolyte at 10 V. The obtained
nanotube arrays were annealed at 450◦C for 3 hours to be
transformed to anatase phase. Before being used in DSSCs,
the nanotubes were treated in 0.2 M TiCl4 for 1 hour followed
by annealing again at 450◦C for another 30 minutes. Dye
adsorption was realized by dipping the sample into 0.3 mM
N719 (Dysol) contained ethanol solution for 12 hours. A
25 nm Pt coated conductive glass was used as the counter
electrode and a methoxypropionitrile (MPN) solution con-
taining 0.5 M LiI, 0.05 M I2, 0.6 M N-methylbenzimidazole,
0.1 M guanidinium thiocyanate, 0.5 M tert-butylpyridine
was used as the electrolyte. The effective area for the cell
was 0.25 cm2. At a given length of nanotubes (3.6μm), the
short circuit current (Jsc) could reach ∼10.3 mA/cm2, while
an open circuit voltage (Voc) of ∼0.84 V was obtained under
an illumination of AM-1.5 (100 mW/cm2). The filling factor
(FF) was 0.54 with a photoconversion efficiency of 4.7%.

Mor et al. [69, 70] mentioned that the photoconversion
efficiency increases with the increasing of the tube length
and the results obtained in this case (when nanotubes with
3.6 μm length is used) can only be reached when a 10 μm
thick conventional nanocrystalline TiO2 is used. Such a high
efficiency is obviously ascribed to the large surface area
obtained by the nanotubular structure. But still there are
some problems need to be solved in this type of devices.
The first one is the dye adsorption efficiency. Since there
only exists an open mouth for each nanotube, the remaining
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Figure 8: SEM images of nanoporous TiO2 layer fabricated by the anodization of FCVA-deposited Ti thin film on a quartz substrate.
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Figure 9: SEM images of nanoporous TiO2 layer fabricated by the anodization of FCVA-deposited Ti thin film at different potentials: (a)
2 V, (b) 10 V, and (c) 20 V.
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Figure 10: Schematic diagram of ITO-based Ti thin film during the
anodization process.

atmosphere inside the nanotube prevents the fully filling of
dye-contained solution into the nanotube which causes a
very limited adsorption at only the open mouth part. The
second is that the remaining oxide layer at the bottom of the
nanotubes increases the resistance and decreases the FF of the
device. The third problem is the repeated annealing process
which results in an increase of FTO resistance.

Paulose et al. [71] reported another reflective type DSSCs
based on titanium nanotube arrays anodized from Ti sheet.
The anodization was performed in KF electrolyte at 25 V
with a tube length of 6 μm and a diameter and a wall
thickness of 110 nm and 20 nm, respectively. The nanotubes
were annealed at 580◦C for 6 hours for crystallization. In this
type of solar cell, a 1.3 nm Pt coated TCO glass was used
as the counter electrode, and the other structure is exactly
the same as the device prepared by Mor et al. [69, 70]. The
effective area of this device was 0.4 cm2. When illuminated at
AM-1.5 (100 mW/cm2), Jsc of 15 mA/cm2 and Voc of 0.84 V
were obtained. The FF for such device was 0.43 with a
total photoconversion efficiency of 5.44%. Paulose pointed
out that the low FF was ascribed to the thick barrier layer
at the bottom of the nanotubes. They also supposed that
the stepwise potential decrease, which is widely used in the
anodization of Al to reduce the thickness of barrier layer,
could also be used in this case to improve the properties of
this device.

4.3. Gas Sensors. As a functional semiconductor material,
TiO2 is widely used in the field of gas sensors. Nanostructural
TiO2 attracts an increasing interest due to its large surface
area since the sensing process is mainly a surface process
between the gas molecules and metal oxide surface.

Many investigations showed that highly ordered nan-
otube arrays have excellent response to hydrogen gas at room
temperature [72–76]. According to these reports, there is
no significant relationship between the sensitivity and the
length of the nanotubes since the sensitivity only increases
from 7 to 8.7 when the nanotube length increases from
380 nm to 1 μm. However, due to the large surface area of
the nanotubular structure, the sensitivity of nanotube-based
sensors is much higher than that of compact TiO2 thin film

sensors. Further discussion on nanoporous TiO2-based gas
sensors will be presented later in this paper.

4.4. Electrochromic Devices. Ghicov et al. [77] reported the
electrochromic properties of titanium nanotubes fabricated
by anodization in a 1 M H3PO4 + 1 M NaOH + 0.5 wt% HF
electrolyte at 20 V. The prepared nanotube has a length of
1 μm, a diameter of 100 nm, and a wall thickness of 10 nm.
The H+ intercalation changes the energy band structure of
TiO2 which causes the color change. Since the efficiency of
ion intercalation and detercalation is closely related to the
surface area, the large aspect ratio of titanium nanotubes
provided a largely increased storage capability for H+. They
concluded that the anodic titanium nanotube will find its
applications in the field of display devices, hydrogen storage
as well as supercapacitors.

4.5. Biaoactive Materials. Yang et al. [78] and Oh et al. [79]
reported the application of anodic titanium as a bioactive
material. Their studies showed that phosphorite grows easily
on the anodic titanium surface by immersing the samples
into simulated body fluid (SBF), which means that anodiza-
tion is one of the effective methods to prepare bioactive
materials. Yang also reported that, with the incubation for
3 days, phosphorite only grows on samples anodized at high
potentials (150 and/or 180 V) but not on that anodized at a
low potential (90 V). They believed that the different surface
morphologies obtained at different anodization potentials is
the key factor for the phosphorite growth.

5. Fabrication of Nanoporous Anodic
Titanium Thin Films

Since the applications of functional devices need some
special requirements on the substrate, for example, optical
devices need transparent substrates while surface acoustic
wave (SAW) devices need piezoelectric substrates, more and
more groups have focused their research interests on the
fabrication of anodic films based on the anodization of tita-
nium films on different substrates instead of titanium metal
sheets/foils [49, 70, 72, 80–83]. Because the anodization is
performed on titanium thin films, therefore, a variety of
substrates can be chosen in the film deposition processes. As
a result, the obtained anodic films with nanostructures can
find wide potential applications in a variety of devices.

As we have discussed previously many technical problems
need to be solved, and the growth mechanism of nanos-
tructural anodic thin films needs to be investigated since
thin films have different properties compared with the bulk
materials. The limited thickness of thin films also needs to be
considered during the anodization process. The investigation
on the optimal thin film anodization parameters becomes
highly important.

In this section, the study of nanoporous titanium
thin films on different substrates including Si, ITO, and
quartz will be presented based on the research outcome
from the authors’ research laboratory and their team. By
investigating the I-V curves, anodizing potential, type of
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Figure 11: SEM image of nanoporous Ti on ITO substrate.
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Figure 12: Transmittance spectra of ATO nanoporous thin films on
ITO substrate before and after heat treatment.

electrolyte, initial morphology of Ti films as well as their
crystal structures, a growth mechanism is developed for the
nanoporous/nanotube anodic thin films formation.

5.1. Experimental Procedure

5.1.1. Ti Thin Film Deposition

RF Sputtering. Ti films were deposited on a chosen substrate
by RF magnetic sputtering. The base chamber pressure was
below 9.0 × 10−6 Torr. During the deposition process, the
argon gas pressure was 1.0×10−2 Torr. The distance between
the target and sample was 50 mm, and the sputtering power
was 100 W. No substrate heating was performed. The desired
film thickness was in a range from 300 nm to 500 nm.

Filtered Cathodic Vacuum Arc (FCVA) Deposition. The
source featured a water-cooled rotating M60-threaded cop-
per base, which accepted a 70 mm diameter cathode (99.99%
purity Ti for these experiments). The cathode was struck

7 mm

1 mm

3 mm

(a)

700μm

λ = 40μm

λ/4 = 10μm

(b)

Figure 13: Schematic diagram of Anodic Titanium Oxide (ATO)
nanotube-based gas sensors: (a) the first type and (b) the second
type.

by a grounded mechanical striker to initiate the plasma. An
arc current of 120 A (with an average arc power of 3 kW)
was found to be sufficient to produce a stable plasma. For
these experiments, a sample bias of −50 V was used. A
magnetic filter was employed to prevent the deposition of
macroparticles onto the sample, thereby minimizing surface
roughness. The thickness of the film deposited in the process
was approximately 300 nm.

5.1.2. Anodization. Before anodization, the specimen was
degreased in acetone using an ultrasonic bath for several
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Figure 14: SEM images of the ATO nanotube arrays for gas sensor.
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Figure 15: Dynamic response of ATO nanotube arrays-based gas sensor to H2 at different working temperatures: (a) 90◦C, (b) 160◦C, (c)
190◦C, and (d) 215◦C.
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Figure 16: The relationship between sensitivity and working
temperatures for the ATO nanotube arrays-based gas sensor.
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Figure 17: Response time for the ATO nanotube arrays-based gas
sensor to H2 (1%).

minutes and then rinsed in deionized water. No polishing
process was adapted. The anodization was performed using
a conventional two-electrode system. Silicon substrate with
titanium film was attached to a silver rod that was used
as the working electrode. A platinum sheet (2 × 1.5 cm2)
with a platinum wire was used as the counter-electrode. The
distance between the working and counter-electrodes was
kept at 3 cm. The anodization potential was applied using
a potentiostat (Agilent E3645A) interfaced with a computer.
The electrolyte was stirred using a magnetic flea during the
anodization process.

5.1.3. Annealing. In order to investigate the crystallization,
samples after anodization were annealed in a quartz tube
furnace at different temperatures with the temperature ramp
of 3◦C/min. Either air or pure oxygen gas was used for
annealing.

5.1.4. Characterization. The morphologies of microstruc-
tures were investigated using a field emission scanning
electron microscope (SEM; JSM-6700F, JEOL Inc.). X-ray
diffraction (XRD) analysis was performed using a Rigaku
D/max 2550V diffractometer with Cu Kα radiation at 45 kV
and 100 mA. UV-Vis spectrum was obtained by a UV-Vis
spectrometer (SHIMADZU-23101PC).

5.2. Results and Discussion

5.2.1. Nanoporous Anodic Titanium Film and Its Growth
Model. Figure 1 shows the typical SEM image of nanoporous
anodic titanium thin film after anodization. Anodization was
performed on Ti film (300 nm) sputtered on a Si substrate in
a 0.5 wt% aqueous HF electrolyte at 3 V. The temperature was
kept at 3◦C using an ice bath during the process to prevent
the oxide formed from being dissolved in acidic solution.
The porous surface shows connecting pores with the average
diameter of 25 nm and interpore distance of 40 nm.

Figure 2 shows the typical current density transient
recorded during anodization under a constant voltage when
self-organized pores were obtained. The pore formation
process in anodic titanium oxide is similar to that of PAA,
which can be divided into four stages.

(i) In the first stage, a compact oxide barrier layer
is formed on the electrolyte–metal interface, which
leads the current to decrease sharply due to the low
conductivity of the metal oxide.

(ii) In the second stage, some cracks and narrow slits
appear on the surface due to field-enhanced disso-
lution of the oxide layer. Diffusion of the electrolyte
into such cracks enhances the dissolution rate com-
pared with other areas, which enlarges the cracks
and connects the neighboring cracks. Meanwhile,
this process enlarges the interface between electrolyte
and oxide layer which decreases the resistance and
increases the anodizing current. In this stage, initial
tiny pores are nuclear in the cracks, and therefore
such cracks are named as “easy path”.

(iii) The current reaches a stable state in the third stage,
which corresponds to the random formation of
porous structure in the slits and cracks. These slits
and cracks extend over the whole surface area. Such a
process is a competition between the pore formation
and dissolution of the oxide layer. The stable state
of the current density transient indicates that the
pore formation reaches equilibrium with the pore
dissolution.

(iv) In the fourth stage, when the dissolution rate is
larger than the formation rate, the porous structure
is consumed and current reduces.
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Figure 18: SEM images of the highly ordered ATO nanotubes for the gas sensor.
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Figure 19: Dynamic response for the highly ordered ATO
nanotube-based sensor to H2.

5.2.2. Effect of Anodizing Conditions on the Morphologies

Anodizing Potential and Concentration of Electrolyte. We can
assume that the formation of different surface structures is
strongly correlated with the thickness of the compact oxide
layer formed at the initial stage of the anodization process.
There must be a threshold thickness above which the big
corrosion pits form; when the thickness of the oxide layer
is below the threshold, porous structure forms. According
to the study of the anodic aluminum oxide nanoporous
process, it is presumed that the compact titanium oxide layer
formed at the initial of stage of the anodization process
is in the range of 0.1–1 nm. The schematic diagrams of
the formation processes for the two different structures are
shown in Figures 3 and 4.

At a high anodizing potential, when the electric field
is strong, a thick oxide layer forms due to large Ti ion
dissolution and reprecipitation of hydroxide film. The oxide

layer is compact with a considerable thickness (Figure 3(a)).
Such a thick compact oxide layer (referred to as a “barrier
layer”) prevents the migration of OH− under the electric
field from the electrolyte to the metal/oxide interface. At the
same time, it prevents the migration of Ti4+ ions from the
metal/oxide interface to the electrolyte. This barrier layer
protects the metal thin film from being etched away. When
anodization continues, the fluoride ions will attack the defect
sites on the surface of the barrier layer which cause small
notches (Figure 3(b)). Electrolytes pour into the notches
and accelerate their growth until the metal/oxide interface
is reached (Figure 4(c)). The exposure of metal substrate to
electrolyte causes the current transient to increase due to the
sudden departure of Ti4+ ions from the metal substrate to
the electrolyte. Soon, the bottom of the pits is covered by an
oxide layer (repassivated), and hence the current transient
decreases (Figure 3(d)). In addition, localized breakdowns
may occur at the bottom of the pits, and new notches can be
generated; this is followed by repassivation (Figures 3(e) and
3(f)). That may explain the formation of corrosion pits and
why it always occurs with the current oscillations. Because of
the barrier layer, the anodization can last for a long time and,
the current oscillation is kept undamped.

When porous structures are formed at a low potential,
the barrier layer formed at the beginning of anodization is
much thinner than that for a high potential (Figure 4(a)).
Microslits appear on the surface of the oxide layer; this is
followed by the growth of pores, as the electric field intensity
at the pore bottom is much higher than that at the walls due
to their different curvatures. Titanium is etched at a higher
rate near the bottom, which allows the formation of pores in
the direction normal to the surface. At the same time, owing
to the remaining thin oxide layer, the OH− ions may migrate
to the metal/oxide interface, followed by the formation of
oxide. If the rates of oxide formation and dissolution at the
bottom are equal, the thickness of the barrier layer is kept
constant (Figures 4(b)–4(d)). The j − t curve recorded in
such a process (as shown in Figure 2) is quite smooth and
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Figure 20: Dynamic response to H2 of ATO nanotubes fabricated from different anodization time.

without oscillations which can be due to nondirect exposure
of the metal substrate to the electrolyte.

The Film Smoothness. In the previous reports, acidic elec-
trolytes were mainly utilized to obtain nanopores/nanotubes
in the Ti thin films [72, 84–86] while the neutral electrolyte
was widely used for the anodization of Ti foils [57–60]. This

phenomenon is ascribed to be due to the differences of initial
surface morphologies. A schematic diagram is presented
in Figure 5, which explains the influence of the electric-
field on the formation of the nanopores onto smooth and
granular surfaces. When the potential is applied to a smooth
surface, homogeneous distribution of the electric field was
formed between the two electrodes (working and counter
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Figure 21: SEM image of nanoporous TiO2 thin film on LiNbO3 substrate. (a) SAW device, (b) the interface between Au electrode and
LiNbO3 substrate, (c) nanoporous thin film on LiNbO3 substrate and, (d) nanoporous thin film on Au electrode.

electrode). Thereby, nanopores form homogeneously on the
whole surface induced by the electric field. In the case of the
granular surface, however, because of the large curvatures
in the boundary of the connected grains, the electric field
distribution is far from homogeneous which results in
preferential nanopore growths in these parts, and randomly
distributed nanopores are formed eventually.

Thereby the formation of uniform nanostructures always
corresponds to the smoothness of the initial surface mor-
phology. It is well known that in order to obtain highly
ordered AAO nanoporous structures, a pretreatment by
electropolishing process in an acidic electrolyte is required,
which helps to reduce the time (named as “initial time”) cost
for pore ordering in later anodization process. For titanium
anodization, however, no effective prepolishing method has
ever been used, neither mechanical nor electrochemical.

Figure 6 shows SEM images of the surface morphologies
of Ti film deposited by RF sputtering before and after
anodization in a neutral electrolyte (0.5 wt% NH4F in EG
solution). As can be seen in Figure 6(a), the film consists
of randomly distributed grains. During the anodization
process, this level of roughness generates inhomogeneous
electric field distributions on the surface. As what we have
discussed, pores are often quickly formed on surface sites
with small radius of curvature, where a high electricfield
density occurs (i.e., between grains). As can be seen in

Figure 6(b) the morphology of the anodized surface is highly
inhomogeneous.

In order to achieve a highly smooth Ti films, we used the
Filtered Cathodic Vacuum Arc (FCVA) deposition technique.
The SEM inspection of the FCVA-deposited Ti films revealed
extremely low defect density and roughness. AFM was also
used to confirm the low surface roughness of these Ti films
prior to anodization. The RMS of the film with a thickness of
300 nm was found to be less than 0.5 nm over a 500×500 nm2

surface area.
The anodization was firstly performed on the Ti thin

films prepared by FCVA on quartz substrates in a neutral
aqueous electrolyte containing 0.5 wt% NH4F and 1 M
(NH4)2SO4. This anodization process was initially per-
formed at 3◦C, as previous work showed that homogeneous
nanopores were obtained at low temperatures [84, 86].
Figure 8(a) shows an SEM image of the sample after anodiza-
tion at 3 V. The anodization was carried out in two steps. In
the initial step a less ordered structure was formed. While
with the continuation of the anodization process this layer
dissolved, and a nanoporous structure was formed. However,
the initial layer still covered most of the surface. Apparently,
the neutral electrolyte and the low temperature caused a low
dissolution rate in this process. In order to obtain a smooth
surface a higher temperature anodization process was used.
At roomtemperature (20◦C) the anodization was performed
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Figure 22: Dynamic response to H2 of ATO nanoporous thin film-
based gas sensors.

in the same electrolyte at 3 V, and the SEM image is shown
in Figure 8(b). Ordered nanopores with a diameter in the
range of 15–20 nm were clearly observed in the SEM image.
Although anodized at room temperature, relatively thin Ti
layers (<300 nm thickness) can be used as starting layers in
this process as it produces regular pores without an extended
activation etch.

Further anodization trials were conducted on Ti thin
films deposited on quartz substrates by FCVA using 0.5 wt%
NH4F in ethylene glycol at room temperature (20◦C).
The SEM images of anodization performed at different
potentials are shown in Figure 9. The sample shown in
Figure 9(a) was anodized at 2 V for 1 hour resulting in
the development of nanopores with diameters ranging from
5 nm to 8 nm. At 10 V, larger pores with diameters of
approximately 12 nm–15 nm were obtained as shown in
Figure 9(b). When anodization was performed at a potential
of 20 V, the pores diameters were in the range from 15 nm to
20 nm (Figure 9(c)). It appears that at higher potentials the
walls between pores are dissolved in many sites. These results
reveal that the anodization on the FCVA-deposited Ti thin
film can be performed in a potential range from 2 V to 15 V
by using a neutral electrolyte at room temperature to obtain
various pore diameters.

5.2.3. Transparent Conductive Substrates. Figure 10 shows a
typical I-V curve recorded during the anodization process
of titanium thin film on ITO glass. It can be seen that at
the initial state, due to the formation of barrier layer and
nucleation of nanopores, the anodic current experiences a
decreasing process first, and then, followed by is increasing.
When the pores grow steadily, anodic current keeps at a
stable state. During this period, the nanopores reach the
metal/ITO interface; because of the assumption of titanium
metals, the anodic current grows to a minimum value again.
However, after the exposure of ITO layer to the electrolyte,
due to its dissolution, the current increases one more time
until all the ITO is dissolved, and the current goes to zero.

Thereby in order to guarantee the growth of nanopores
without damaging the ITO layer, current monitoring is very
important to stop the anodization when there is a second
current increasing which indicates the dissolution of ITO
layer.

Figure 11 shows the SEM images of ITO-based titanium
thin film after anodization. The titanium film with a
thickness of 300 nm was sputtered on ITO glass substrate.
The anodization was performed in 0.5 wt% HF+1 M H2SO4

electrolyte at 5 V in an ice water bath (∼ 3◦C). As discussed
above, the anodization was ceased when the 2nd current
increasing is seen. The anodic film presents a nanoporous
structure with an average pore diameter of 20 nm. It is also
observed that the neighboring pores are not connected with
each other which are ascribed to the dissolution due to the
low pH value and high anodization potential.

Annealing at 400◦C in O2 for 3 hours proves not only
improving the crystallization of the anodic thin film (from
amorphous to anatase) but also increasing its transparency
from less than 30% to 75% as well, as shown in Figure 12.
The change of transparency also reflects the change of crys-
tallization, and its high transparency provides the potential
applications in the optoelectronic devices.

6. Gas Sensing of Anodic Titanium Thin Films

6.1. Fabrication and Characterization of Gas Sensors. Two
types of gas sensors were assembled. One was based
on nanotubular titanium oxide anodized from titanium
metal/foil,and the other was nanoporous titanium oxide thin
film on LiNbO3 substrate with Au electrodes.

The structure of the first type of sensor is shown in
Figure 13(a), which uses nanotubular titanium oxide as the
main part with effective area of 3.14 cm2 (sphere shape with
diameter of 1 cm). Two parallel Pt lines with a width and
a length of 1 mm, 7 mm, respectively, were sputtered as the
electrodes. The thickness of each electrode is 100 nm. The
distance of the two electrodes is kept as 4 mm.

The second type of sensor is shown in Figure 13(b).
It is based on a 64◦ YX LiNbO3 substrate with 160 gold
finger-pair electrodes. The periodicity and aperture width of
the Au finger-pair are 40 μm and 700 μm, respectively. The
titanium thin film was sputtered on the substrate followed
by anodization.

For the dynamic response characterization of the first
type of sensors, the resistance was measured by KEITHLEY
2001 multimeter, while for the second type of sensors, the
frequency of surface acoustic wave (SAW) was recorded. In
each testing cycle, the test chamber was filled by synthetic air
first followed by filling of test gas with a given concentration
through a multiflow controller and lasted for a desiring
period. Finally, synthetic air was used to fill the chamber
again.

6.2. Gas Sensing Properties of Anodic Nanotube TiO2.
Figure 14 shows the morphology of the titanium oxide
nanotube arrays used as the first type of sensor. The
anodization was performed in 0.5 wt% NH4F-contained EG
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electrolyte at 20 V for 12 hours followed by annealing in O2

at 500◦C for 6 hours. It is observed that a highly ordered
nanotube arrays with average tube diameter of 50∼70 nm
were obtained after a “multistep” anodization process. The
length of nanotubes is around 2∼5 μm, that gives a high
aspect ratio which is of significant importance in gas sensing
applications.

Dynamic response of this type of sensor to H2 with
different concentrations is performed at 90, 160, 190,
and 215◦C (Figure 15). As an n-type semiconductor, when
exposed in a reducing gas, the resistance of titanium oxide
decreased. Therefore, the sensitivity of the sensor is defined
as S = (Ggas − Gair)/Gair, that is S = (Rair − Rgas)/Rgas. Gair,
Ggas represents the conductivity of titanium oxide nanotubes
in the testing gas atmosphere. At lower temperature (90◦C),
unstable response is observed as shown in Figure 15(a).
With the increasing of working temperature, more stable
response is obtained with good repeatability (Figures 15(b),
15(c) and 15(d)). The relation between the sensitivity and
working temperature is shown in Figure 16, from which we
can observe that the sensitivity increases with the increasing
of H2 concentration regardless of the working temperature.
However, such curve shows a sensitivity maximum with the
increasing of working temperature and decreasing again. In
our experiment, the optimal operating temperature of the
sensor is at 190◦C.

Figure 17 shows the quick response time for the titanium
oxide nanotube-based sensor. It is observed that for either
response time or recovery time, less than 10 seconds
is required to reach 50% resistance change. Taken into
consideration of the tube wall thickness (7∼15 nm), the
intercalation and detercalation of H2 into the nanotubes
are far much easier than in the thin films, which prolong
the response and discovery times. Hence, the advantage of
nanotubes for gas sensing is prominent.

Multistep anodization was performed to fabricate highly
ordered TiO2 nanotubes as shown in Figure 18. In this
process, anodization was performed at a given condition
followed by the removal of formed nanotubular structure
in diluted HF solution and, then the sample was anodized
again at the exactly same condition. The whole cycle was
repeated one or two times until a much more ordered
structure was obtained. H2 sensor based on it was assembled
and tested. The dynamic response is shown in Figure 19.
We are pleased to find that when the sensor is working at
90◦C, it presents extreme excellent stability compared with
the previous normal nanotube-based sensor. Furthermore,
the sensitivity (to 1.0% H2) is as high as 315% while
the sensitivity for the previous is only 11%. We ascribed
such a high stability and sensitivity to the highly ordered
nanostructure which enlarges the aspect ratio.

The change of sensitivity also occurs with the length
of nanotubes, which can be manipulated by the anodizing
time. Anodization was performed in same 0.5 wt% NH4F
electrolyte at 20 V for different anodization time, 5, 8.5,
10, and 15 hours, respectively. Dynamic responses to H2

for nanotube-based sensors with different tube lengths are
shown in Figures 20(a)–20(d), and the relation between
sensitivity and anodizing time is shown in Figure 20(e). It

can be seen that with the increasing of tube length, the base
resistance increases, 37, 74, 82.4, and 156Ω, respectively. The
sensitivity also increases linearly with the anodizing time.
Thereby it is ascribed to the increasing length of nanotubes
which enlarges the aspect ratio (surface to volume area).

6.3. Nanoporous TiO2 Thin Film-Based Gas Sensors.
Figure 21 shows the morphologies of Ti thin film sputtered
on LiNbO3 substrate (with Au electrodes) after anodization.
The anodization was performed in 0.5% (NH4)F-contained
EG electrolyte at 5 V. It can be observed that nanopores
distribute homogeneously on the whole device surface, as
shown in Figure 21(a). On the Au/ LiNbO3 interface, because
of the geometric step, the distribution of nanopores is less
ordered, while on either LiNbO3 substrate or Au electrode
the distribution of nanopores is much better (Figures 21(c)
and 21(d)). Before being used in gas sensors, the nanoporous
thin film on substrate was annealed in O2 at 400◦C for 3
hours. The dynamic response of this type of sensor is shown
in Figure 22, which presents a good sensitivity and stability.

7. Summaries

It was shown that due to their ordered and controllable
structures, nanoporous/nanotubes semiconducting titanium
oxide materials have great potential applications in various
fields such as electronics, photoelectric conversion, photo-
catalysts and, low dimensional titanate-based perovskite
ferroelectric materials and nanodevices.

In view of the above-mentioned aspects, we may come
to the conclusion that the anodization technique is very
effective and unique in fabricating nanostructural titanium.
The anodization has been extended to the other metals such
as W [87–91], Nb [92–95], Zr [96–99], Hf [100, 101], and Ni
[102] and attracts more and more interests on fundamental
studies and their various applications.

Generally speaking, as a newly developed method, there
still remain lots of problems to be solved for the anodization
of titanium. The growth mechanism of nanotubulr TiO2,
for instance, has been mostly derived from the anodization
of aluminum oxide which cannot be completely acceptable.
If the semiconducting property of titanium oxide is taken
into consideration, in contrast to the insulating aluminum
oxide, the chances are that the growth mechanism needs
to be modified. Furthermore, just as the development of
AAO, now that the morphology of anodic titanium has been
further controlled, more efforts should be exerted to find
practical applications. As a semiconductor material, titanium
oxide has already attracted lots of interests. Due to the unique
advantages provided by nanostructures, anodic titanium
will further find its applications in more newly developed
functional devices [84–86, 103–105]. In order to meet the
increasing requirements for the potential applications, the
anodization technique needs to be optimized. For instance,
when anodization is performed on a titanium sheet, the
metal substrate remained has the short-circuit problem
which limits its applications in the electrical devices, while
the opacity limits the applications in optical devices. As
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a result, the fabrication of nanostructural thin films based
on different substrates (Si, glass and organic flexible ones)
becomes significantly important.

In this paper, we reviewed the fabrication of titanium
oxide nanotube arrays, nanoporous thin films as well as their
growth model and applications. Our research results showed
that highly ordered titanium oxide nanotube arrays-based
gas sensor has excellent response to H2. By using “multistep
anodization process”, highly ordered nanotube arrays were
obtained, and gas sensors based on such nanostructure
presented a fast and stable response even at a low operating
temperature of 90◦C. Meanwhile, such sensors show very
high sensitivity and present good dynamic response. In this
paper, response to H2 was presented as a case study.
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