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ABSTRACT: Integrating a highly ordered TiO2 nanotube
array with patterned substrates is an effective design strategy
for taking advantage of one-dimensional nanotube structures
such as high surface-to-volume ratio and novel functionalities
of TiO2, but many challenges remain in synthesis. Here we
report a novel synthesis-in-place method for highly ordered
vertical TiO2 nanotube films on various patterned substrates
and the application of the films to chemiresistive sensors. A
unique synthetic strategy, in which the Pt bottom electrodes
were clamped during anodization, leads to the complete anodization of the Ti layer to TiO2 nanotubes not only on SiO2/Si
substrates but also on glass and sapphire substrates, which can be used as chemiresistors without additional processes. TiO2
nanotube sensors on SiO2/Si substrates show unprecedentedly ultrahigh responses to ethanol and acetone with detection limits
down to parts per billion levels. Beyond the high sensitivity, selective responses to ethanol and acetone create opportunities for
application in breath analyzers to diagnose human respiratory diseases.

Titanium dioxide (TiO2) is one of the most attractive
materials in transition metal oxides owing to high

chemical stability, strong photocatalytic effects, low cost, and
nontoxicity.1−3 It has a wide variety of applications such as dye-
sensitized solar cells,4−6 photoelectrochemical water split-
ting,7−9 antireflection coatings,10−12 Li-ion batteries,13−15 and
chemiresistors.16−18 For these applications, since the device
performance rests largely on the surface-to-volume ratio of the
material, tremendous efforts have been devoted to synthesize
TiO2 nanomaterials including nanoparticles, nanowires, nano-
rods, nanobelts, nanosheets, nanosponges, and nanotubes.19−28

Among them, TiO2 nanotubes have been extensively studied
because of the ease of anodic oxidation processes for the
formation of self-ordered nanotubular arrays.29−33 Particularly,
they have extremely large specific surface areas compared with
plain films and show excellent adsorption and desorption of
chemical vapors, which are desirable for high performance
chemiresistors.34,35

Of the two main approaches to fabricate chemiresistors based
on TiO2 nanotubes, the first is the direct anodization of Ti foils.
Resultant TiO2 nanotube arrays on Ti substrates can act as
chemical sensing layers with high sensitivity to formaldehyde,
acetone, and ethanol at room temperature.36 In addition, high

sensitivity to H2 has been reported from Pd-doped TiO2
nanotube arrays.37 Nonetheless, such nanotube arrays have
not been exploited for chemiresistors operating at elevated
temperatures for the detection of a wide variety of chemical
vapors because the conducting Ti substrates easily form
electrical shorts with the sensor electrodes. In addition, the
Ti substrates are not compatible with high-throughput
semiconductor fabrication processes. The second approach is
the use of the hydrothermal method to synthesize porous TiO2
nanotubes. Porous TiO2 nanotube sensors have been reported
to have improved response and selectivity to toluene at high
temperatures.38 In this method, however, active sensing layers
are composed of randomly distributed TiO2 nanotubes, and
thus the intrinsic large surface area of TiO2 nanotubes cannot
be fully utilized for vapor sensing, which leads to relatively
lower sensitivities than sensors based on TiO2 nanoparticles.
To overcome these problems, the anodization of Ti thin

films on foreign substrates including Si, Al2O3, and glass is a
desirable way to fabricate high performance chemiresistors
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based on TiO2 nanotubes, although some technological
challenges remain to be solved. First, the quality of the TiO2

nanotubes obtained by the anodization of Ti thin films is worse
than that of those by the anodization of Ti foils.39 Second, the
clamped region for electrical contact remains Ti metal after
anodization.40 Third, complete anodization of the Ti layer into
the TiO2 layer is difficult due to the presence of potential
gradients in the Ti layer during anodization.
In this article, we report the synthesis of highly ordered

vertical TiO2 nanotube thin films on various substrates,
including Si, Al2O3, and glass, using anodization for sensor
applications. The quality of the nanotube thin films is
unparalleled with previous reports and comparable with those
of TiO2 thick films on Ti foil. We reveal that the crystallinity of
initial Ti films is a critical factor determining the quality of the
nanotube thin films. The diameter of the nanotubes is
controlled by the applied voltage and is increased up to 160
nm with the applied voltage of 200 V, where the anodization
time is as short as 90 s for obtaining 1-μm-thick nanotube thin
films. Direct synthesis of TiO2 nanotube thin films on Si
substrates patterned with Pt electrodes leads to highly sensitive
and selective sensors to acetone and ethanol vapors. The
resulting detection limits down to several parts per billion levels
suggest the great potential of TiO2 nanotube thin film sensors
for use in breath analyzers to diagnose human diseases
noninvasively.

■ RESULTS AND DISCUSSION

Figure 1 shows a fabricated TiO2 nanotube sensor for which a
SiO2/Si substrate with Pt interdigitated electrodes (IDEs) was
used. Interspacing between Pt IDEs was 5 μm. The Ti film was
deposited onto the IDEs by an electron beam evaporator, and
then anodization was conducted in ethylene glycol and NH4F-
based electrolyte at room temperature, resulting in the
formation of a TiO2 nanotube film (Figure 1a−c). The key
idea of our anodization method to realize the complete
anodization of the whole region of the Ti film into a TiO2
nanotube film is clamping the Pt IDEs for the anodization
rather than the Ti film itself. Since current efficiently spreads
though the Pt IDEs to the Ti film, potential gradients do not
exist in the Ti layer during anodization, which leads to the
uniform anodization of Ti to TiO2. Especially when the
thickness of the under Ti layer is thinner, the current spreading
through Pt IDEs becomes more effective, resulting in the
complete anodization of Ti. In addition, the SiO2 layer acts as
an oxidation stop layer, which enables the whole Ti layer to be
converted to TiO2 nanotubes. The photographs in Figure 1d,e
clearly show that the shiny Ti film was changed to optically
semitransparent TiO2 film after anodization.
The grain shape and crystallinity of initial Ti films are critical

for the formation of highly ordered TiO2 nanotube films. When
Ti film was deposited at room temperature, the film was formed
by sequential stacking of several grains along the cross-section
(Figure 2a). This leads to the formation of irregular nanotubes

Figure 1. (a−c) Sketch illustrating our synthesis-in-place method to form TiO2 nanotube films on Pt-IDE-patterned SiO2/Si substrate. The key idea
of our method is clamping the Pt IDEs as the current spreader during anodization. (d) Photograph of Ti film on Pt-IDE-patterned SiO2/Si substrate
before anodization. Inset: optical microphotograph of the 500-nm-thick Ti films on Pt-IDE-patterned SiO2/Si substrate. (e) Photograph of TiO2
nanotube film on Pt IDEs after anodization. Inset: optical microphotograph of TiO2 nanotube sensors.
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with holes in the tube walls after anodization. Furthermore,
relatively large pores by the merging of several nanotubes
together were observed (Figure 2b). When the Ti film was
evaporated at 600 °C, the film was observed to be highly
textured with columnar grains, as shown in Figure 2c. However,
using the Scherrer equation, the grain size of both films was
almost the same (20−40 nm). From the X-ray diffraction
(XRD) measurements, we observed that the microstructure of
the Ti film deposited at 600 °C was very close to that of bulk Ti
(JCPDS #44-1294), while the Ti film deposited at room
temperature showed a quite different microstructure (Figure
S1, Supporting Information). After anodization, the TiO2
nanotubes were perfectly vertical and highly ordered with
uniform diameters (Figure 2d). The Ti films were completely
anodized to TiO2 nanotubes on both SiO2 and Pt electrodes
(Figure S2, Supporting Information). There was no significant
difference in the quality of TiO2 nanotubes. This indicates that
the crystallinity of the initial Ti film strongly influences the
formation of TiO2 nanotubes. To the best of our knowledge, no
previous studies on well-ordered TiO2 nanotube thin films have
been published. A random pore oxide layer exists on the surface

of TiO2 nanotube films due to the anodic current drop at the
initial stage of the anodization.41 This layer can prevent
diffusion and adsorption of gas molecules into the underlying
nanotubes and thus degrade device performance. We applied
Ar ion etching for effective removal of the surface layer. Figure
2e shows the surface of the highly ordered TiO2 nanotube film
after removal of the surface layer. The surface of the nanotubes
consists mainly of close-packed hexagonal structure, but
partially pentagon and heptagon are also observed. In addition,
the cross-sectional image in the inset of Figure 1e clearly shows
the remaining Ti islands (∼10 nm) owing to the rounded oxide
tube bottoms. In addition to Si substrates, we could synthesize
high-quality vertical TiO2 nanotube films on various substrates
including indium tin oxide (ITO)/glass, fluorine-doped tin
oxide (FTO)/glass, and sapphire (Al2O3) substrates, which has
not yet been demonstrated (Supporting Information, Figure
S3).
Figure 3a shows the change in the diameter of the TiO2

nanotube films with various bias voltages from 30 to 200 V.

The cross-sectional images clearly show that the nanotube
diameter increases with increasing applied bias voltage
(Supporting Information, Figure S4).42 A close inspection
revealed that the wall thickness saturates at relatively lower
voltages, while the inner diameter still increases with the
applied bias. As a result, the interpore distance of TiO2
nanotube thin films versus the applied bias voltage shows fast
increase at the lower voltages and gradual saturation at the
higher voltages. The bias voltage has a significant impact on the
anodization time. The anodization time was 29 min to achieve a
1.3-μm-thick nanotube film at 30 V but as short as 90 s at 200
V, shown in Figure 3b−d. This indicates that the higher bias
voltage not only increases the electric field intensity of the Ti
film but also speeds up the diffusion of ions, leading to the
acceleration of the field-enhanced dissolution of Ti from the
nanotubes. From cross-sectional SEM images, we have
confirmed the termination time at which the Ti layer is
completely converted to TiO2 nanotubes. Current−time (I−t)
curves cannot tell whether the anodization is finished or not

Figure 2. Cross-sectional SEM images of Ti films deposited onto a
SiO2/Si substrate at room temperature (a) before and (b) after
anodization. The insets are plain-view SEM images. (c) Cross-sectional
SEM images of the Ti films deposited at 600 °C. (d) Cross-sectional
SEM images of the TiO2 nanotubes formed by anodization of Ti film
deposited at 600 °C. (e) Plain-view SEM images of TiO2 nanotube
films on Pt-IDE-patterned SiO2/Si substrates after Ar ion etching. The
inset in (e) shows the cross-sectional SEM image of TiO2 nanotube
films after Ar ion etching to remove the top layer.

Figure 3. (a) Change in the diameter of TiO2 nanotube films with
various bias voltages from 30 to 200 V. (b) Cross-sectional SEM
micrographs of the formation of TiO2 nanotubes at 200 V for 30 s, (c)
60 s, and (d) 90 s.
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due to large residual current between Pt IDEs and counter Pt
(Figure S5, Supporting Information). Alternatively, it was
possible to estimate the termination time, evaluating trans-
parency. As Ti is converted into TiO2 nanotubes, the color of
the nanotube film becomes completely transparent. The point
of the color being transparent is 90 s at the applied potential
200 V. Consequently, using the Pt as the current spreader, we
could completely anodize the Ti film to TiO2 nanotubes
between the Pt IDEs and on the Pt IDEs (Supporting
Information, Figure S6). We observed that nanotubes were well
formed without disconnections at the edges of the Pt IDEs
(Supporting Information, Figure S7).
The XRD patterns of the Ti film and anodized TiO2

nanotube films before and after annealing at 600 °C are
presented in Figure 4a. The as-anodized nanotube film does not
exhibit any peak corresponding to the metallic Ti phase, which
is a clear evidence for the complete conversion of the original
Ti film to TiO2 nanotubes. Since the as-anodized TiO2

nanotubes are amorphous, as seen in the transmission electron
microscopy (TEM) images in Figure 4b, no diffraction peaks
are observed. After annealing, the XRD pattern shows the film
to be predominantly composed of the anatase phase. The TEM
images in Figure 4c show that the annealed TiO2 nanotube film
has high crystallinity with preferred orientations. The porosity
of the TiO2 nanotube films is estimated to be between 50% and
60% and is slightly affected by the annealing temperature
(Figure 4d). The histogram of the tube diameter distribution
shows a 10 nm increase of tube diameter due to the increase in
the wall thicknesses (Supporting Information, Figure S8),

which is attributed to an additional oxygen incorporation
during the annealing at 600 °C. Resistance of the TiO2

nanotube film was measured as a function of annealing
temperature ranging from room temperature to 700 °C (Figure
4e). The resistance gradually increases and then dramatically
rises after annealing at 500 and 600 °C, respectively. No
noticeable changes in the resistance were observed upon
annealing at 700 °C. In general, nonstoichiometry, a small
variation of the composition, leads to a significant change of
resistance in transition metal oxides. The as-anodized TiO2

nanotubes are oxygen deficient with the existence of oxygen
vacancies.43 Since the oxygen vacancies are electron donors, the
as-anodized TiO2 nanotubes are highly conducting due to the
degeneracy of electron carriers from the oxygen vacancies. After
annealing in air, the oxygen vacancies are annihilated with the
incorporation of oxygen atoms from the atmosphere, resulting
in the increase in the resistance. This indicates that a metal−
semiconductor transition was accomplished by annealing at
500−600 °C. The near linear current−voltage curve for the
annealed TiO2 nanotube film at 600 °C implies an ohmic
contact behavior between TiO2 and Pt IDEs.
This experimental work revealed the following important

findings. (i) By clamping the Pt IDEs for anodization, the
whole area of the Ti film is converted to TiO2 nanotubes
without an unreacted region. (ii) Since current efficiently
spreads though the underlying Pt IDEs, the Ti layer is
completely anodized to uniform TiO2 nanotubes. (iii) The
formation of TiO2 nanotubes strongly depends on the grain
size and crystallinity of the initial Ti film. Highly ordered

Figure 4. (a) Glancing angle X-ray diffraction patterns of a Ti/Si substrate, of a TiO2 nanotube film on the substrate, and of a TiO2 nanotube
annealed at 600 °C for 5 h. The TEM images of TiO2 nanotubes (b) for amorphous and (c) annealed at 600 °C. (d) Porosity change of TiO2
nanotubes with different temperature. The insets show the histogram of a tube diameter. (e) Resistance change of a TiO2 nanotube film was
measured as a function of annealing temperature ranging from room temperature to 700 °C. The inset shows I−V characteristics of TiO2 nanotube
sensors at 600 °C in air.
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nanotubes could be obtained from the anodization of the
columnar Ti film deposited at 600 °C. (iv) At a bias voltage at
200 V, the anodization time is as short as 90 s for 1-μm-thick
nanotube films. (v) Our approach is a synthesis-in-place
method rather than synthesis-and-place methods. The resulting
high-quality TiO2 nanotube films on Pt-IDE-patterned SiO2/Si
substrates are suitable for use as chemiresistors without
additional processes.
The gas sensing properties of the TiO2 nanotube films with

Pt IDEs were investigated after annealing at 600 °C. Figure 5a
displays the typical response curves of TiO2 nanotube films
with different interpore distance toward 50 ppm ethanol and
acetone at 400 °C. The response curves are presented with the
normalized current l/l0. The base resistance of TiO2 nanotube
sensors in air was about 1.0 × 109 Ω. Though anodization
voltage increases, there were no significant differences in the
resistance. The base resistance of TiO2 nanotube sensors
ranged from approximately 9.6 × 108 Ω to 1.3 × 109 Ω. Upon
exposure to ethanol and acetone, the TiO2 nanotube films
quickly responded with a decrease in resistance, which revealed
the typical n-type sensing behaviors of the films. The
mechanism of ethanol sensor based on the TiO2 nanotube
can be accounted for by the surface-depletion model.44 When
the TiO2 nanotube sensor is exposed to dry air, oxygen ions will
be adsorbed onto the nanotube surface. Therefore, the
depletion region may extend throughout the whole region of
the TiO2 nanotube, which results in high resistivity. However,
upon exposure to reducing gas such as ethanol, ethanol
molecules will react with the chemisorbed oxygen ions at the
TiO2 nanotube surface to form CO2 and H2O

→CH CH OH (gas) CH CH OH (ads)3 2 3 2 (1)

+ →

+ +

−

−

CH CH OH (ads) 6O (ads) 2CO (gas)

3H O (gas) 6e
3 2 2

2 (2)

This leads to an increase in charge carrier concentration in the
TiO2 nanotube walls and a decrease in the surface depletion
region width, which leads to a decrease (increase) in the
resistance (conductivity) of the TiO2 nanotube sensors.
For comparison, the response curve of a reference dense-

planar TiO2 film is also displayed. Compared to the reference
dense-planar TiO2 film, all the TiO2 nanotube films show
higher responses to ethanol and acetone. The 90% recovery
time, the time for the sensor’s initial resistance to reach 90% of
its steady-state value for the nanotube film sensor, is about 710
s, which is much slower than that of the dense-planar sensor
because desorbed gas molecules cannot be easily removed off
from the nanotube surfaces. The gas response is enhanced as
the interpore distance is increased from 60 to 160 nm. The
drastic increase of response for the interpore distance of 160
nm, as plotted in Figure 5b, indicates that the interpore
distance becomes sufficiently large for the easy access of
gaseous molecules into the bottom of the nanotubes
(Supporting Information, Figure S9). This suggests that
controlling the interpore distance as well as increasing the
surface-to-volume ratio is a key factor to enhance the gas
response. The maximum response of ethanol is as large as 106,
which is much higher than those previously reported for high
sensitivity sensors based on TiO2 nanoparticles (10−100 ppm
ethanol and 6−100 ppm acetone at 400 °C),18 TiO2 nanobelts
(41−500 ppm ethanol at 200 °C),22 TiO2 nanorods (17−400
ppm ethanol at 500 °C),45 TiO2 hollow hemispheres (71−50
ppm ethanol at 250 °C),16 and TiO2 nanotubes (15−47 ppm
ethanol at 500 °C).46 Although several reports have

Figure 5. (a) Response curve of the reference dense-planar TiO2 film and TiO2 nanotube film prepared with different interpore distance to 50 ppm
ethanol and acetone at 400 °C. The response for ethanol and acetone gases is presented as the nomarlized current l/l0. (b) Response change of
dense-planar TiO2 film and TiO2 nanotube film to 50 ppm ethanol gas at 400 °C. The inset shows the I−V characteristics of the TiO2 nanotube
sensor in 50 ppm ethanol gas at 400 °C. (c) Response of the TiO2 nanotube sensor to various gases.
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commented on the importance of nanotubular structures in
enhancing the gas-sensing performance of metal oxide
materials,36,47 no such enhancement in gas sensitivity by
varying the nanotube diameter has yet been reported.
The TiO2 nanotube (the interpore distance of 160 nm)

sensor exhibits much higher response toward ethanol and
acetone than toward CO, H2, C6H6, NH3, CH4, and NO2 gases
(Figure 5c). This indicates the nanotube sensor is beneficial for
the selective detection of acetone and ethanol. To evaluate the
detection limits of the sensor to ethanol and acetone, the
response of the nanotube sensor was measured over a range of
0.5−5 ppm, as plotted in Figure 6a. The responses of the
nanotube sensor are 6.75, 10.74, 21.25, and 31.31 to 0.5, 1, 2.5,
and 5 ppm ethanol and 4.07, 6.25, 10.62, and 14.61 to 0.5, 1,
2.5, and 5 ppm acetone, respectively. Although the 0.5 ppm
concentration was the lowest experimentally examined in the
present study, the theoretical detection limit48,49 (signal-to-
noise ratio >3) was calculated to be approximately 1.6 ppb for
ethanol and 9.98 ppb for acetone (Figure 6b). Since acetone
and ethanol are found in the breath of patients with diabetes
mellitus (acetone 0.1−10 ppm) or lung cancer (ethanol 50−
2000 ppb),50 we suggest that our TiO2 nanotube sensors have
promising potential for application in breath analyzers used for
the early diagnosis of such diseases.

■ CONCLUSION

We have developed a synthesis-in-place method for synthesiz-
ing highly ordered TiO2 nanotube films. Using the method,
unprecedentedly well-ordered TiO2 nanotube films could be
directly synthesized on the patterned Si, glass, or sapphire
substrates and then used for chemiresistors without additional
fabrication processes. Our TiO2 nanotube sensors exhibited
extremely high and selective responses to ethanol and acetone.
The detection limits of several parts per billion to ethanol and
acetone suggest the promising potential of the nanotube
sensors for application in breath analyzers used for the early
diagnosis of human diseases. We believe that our synthesis-in-
place method will broaden the use of TiO2 nanotubes and
nanofilms to improve the performance of various devices
including chemiresistors, batteries, solar cells, and solar water
splitting cells. In principle, the method is applicable to other
materials such as Al2O3,

51 ZrO2,
52 WO3,

53 Nb2O5,
54 Fe2O3,

55

and Ta2O5
56 to form nanotubular films.

■ EXPERIMENTAL SECTION

Sensor Fabrication. The 200-nm-thick Pt films were
prepared on SiO2/Si substrate using an electron beam
evaporator. Prior to Pt deposition, 50-nm-thick Ti was
deposited to utilize the excellent adhesion of Pt to the SiO2/
Si substrate. Pt IDEs in which the gap between each electrode
was 5 μm were fabricated using photolithography and dry
etching. After patterning the Pt IDEs, a 500-nm-thick Ti film
was deposited onto the predefined regions by a shadow mask
on the Pt-IDE-patterned SiO2/Si substrate using an electron
beam evaporator (Rocky Mountain Vacuum Tech.) at 600 °C.
A base pressure was maintained in the range of 10−6 Torr.
Applied e-beam voltage and current were set at 7.3 kV and 100
mA, respectively, leading to a deposition rate of 1.0 Å/s.
Anodization was carried out in a two-electrode electrochemical
system at room temperature. The electrolyte was ethylene
glycol (99.5% purity, Junsei) solution with 0.3 wt % of NH4F
(99.5% purity, Junsei) and 3 vol % water, and a voltage of 30−
200 V was applied between a platinum cathode and a titanium
film anode. Anodization durations of 1.5−30 min resulted in
films comprised of a 1-μm-thick nanotubular structure. After
anodization, the samples were carefully washed with distilled
water and dried in nitrogen. After anodization, the samples
were annealed at 600 °C for 5 h in ambient air to induce the
amorphous to anatase phase transition.

Material Characterization. The morphologies of the
synthesized TiO2 nanotube films were characterized by
scanning electron microscopy (FEI, XL30 FEG ESEM) using
15 kV voltages. TEM images were taken by a JEOL JEM 2100F
with a probe-Cs corrector. Cross-sectional TEM specimens of
TiO2 nanotubes on a SiO2/Si substrate were prepared by
mechanical polishing followed by ion milling with Ar ions. The
crystallinity and phase of the sensor films were characterized by
glancing angle XRD (D/Max-2500, Rigaku), where Cu Kα
radiation (wavelength = 1.5418 Å) was used for the X-ray
source and the incident angle was fixed at a small angle (2°).
For all the TiO2 sensing films, selected area electron diffraction
patterns from TEM and XRD patterns could be indexed with a
pure anatase phase of TiO2 with lattice constants of a = 3.7822
Å and c = 9.5023 Å (JCPDS #84-1286). The resistivities of the
TiO2 nanotube films were measured using the two-probe DC
method (Keithley 236) as a function of annealing temperature.

Sensor Measurements. The sensing properties of the
synthesized TiO2 nanotube film sensors were measured at 400
°C. The flow gas was changed from dry air to a calibrated target
gas (balanced with dry air, Sinyang Gases), under a DC bias

Figure 6. (a) Response curve of the TiO2 nanotube sensors to 0.5−5 ppm ethanol and acetone at an applied bias voltage of 1 V. (b) Detection limits
of TiO2 nanotube sensor to ethanol and acetone.
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voltage of 1 V using a source measurement unit (Keithley 236).
A constant flow rate of 1000 sccm was used for the dry air and
target gas. The current−voltage characteristics of the TiO2
nanotube film sensors were almost linear near 1 V, indicating a
very small contribution of the contact resistance to the overall
performance. The response of the sensors (ΔI/I0 for ethanol,
acetone, CO, H2, C6H6, NH3, CH4, and NO2) was accurately
determined by measuring the baseline resistances of the sensors
in dry air and the fully saturated resistances after exposure to
the test gas. The gas flow was controlled using mass flow
controllers, and all measurements were recorded on a computer
by using LabVIEW over the GPIB interface. The current−
voltage characteristics of the sensors were measured to check
the contribution of the contact resistance between Pt IDEs and
the TiO2 nanotube film to the overall performance.
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