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1 Introduction The high interest in titanium dioxide 
or titania has been stimulated for decades by a myriad of 
applications of this versatile material such as heterogene-
ous catalysis, photocatalysis, solar cells, chemical sensors, 
corrosion-protective coatings, biomedicine etc. [1–4]. Over 
the last few years, increased attention has been paid to the 
study of nanostructured TiO2 layers and membranes fabri-
cated by anodic oxidation of pure titanium foils [5]. Re-
cently we observed, for example, that anodic oxidation of 
Ti foils at temperatures below 0 °C leads to the formation 
of closely packed TiO2 nanotubes distributed in a two-
dimensional quasi-ordered fashion [6]. These findings 
open up new perspectives to the applications of TiO2 nano-
tubular structures in the design and fabrication of novel 
photonic elements [7]. Among other applications, increas-

ing interest has also been devoted to gas sensing properties 
of titania. TiO2 based gas sensors were made by various 
processes such as thermal evaporation of TiO2 powder [8], 
electrochemical deposition [9], anodization of Ti sheets in 
water based solutions containing fluoride ions [10], or or-
ganic electrolytes [11], etc. Sensing properties of TiO2 
have been investigated in film sensors [9], dots or TiO2 
nanotubular arrays [10]. Hydrogen gas sensors on undoped 
TiO2 [12] and doped TiO2 nanostructures with different 
dopants such as Nb [13], Eu, Yb, Pt [14], C or mixture of 
TiO2 and other nanocompounds such as SnO2 were previ-
ously reported by different groups. Vertically aligned and 
ordered TiO2 NT arrays have been investigated as hydro-
gen sensors due to their change of electrical resistance in 
the presence of hydrogen gas [10]. It is well known that the 

Titania (TiO2) exists in several phases possessing different
physical properties. In view of this fact, we report on three
types of hydrogen sensors based on individual TiO2 nano-
tubes (NTs) with three different structures consisting of
amorphous, anatase or anatase/rutile mixed phases. Different
phases of the NTs were produced by controlling the tempera-
ture of post-anodization thermal treatment. Integration of in-
dividual TiO2 nanotubes on the chip was performed by em-
ploying metal deposition function in the focused ion beam
(FIB/SEM) instrument. Gas response was studied for devices
made from an as-grown individual nanotube with an amor-

 phous structure, as well as from thermally annealed individ-
ual nanotubes exhibiting anatase crystalline phase or ana-
tase/rutile heterogeneous structure. Based on electrical meas-
urements using two Pt complex contacts deposited on a single
TiO2 nanotube, we show that an individual NT with an ana-
tase/rutile crystal structure annealed at 650 °C has a higher
gas response to hydrogen at room temperature than samples
annealed at 450 °C and as-grown. The obtained results dem-
onstrate that the structural properties of the TiO2 NTs make
them a viable new gas sensing nanomaterial at room tempera-
ture. 
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working mechanism of chemical sensors originates from 
surface phenomena, and therefore nanostructures, espe-
cially an individual TiO2 NT, can offer extra advantages 
for chemical nanosensors. 

To the best of our knowledge, there are no reports in 
the literature on gas sensors fabricated on individual TiO2 
nanotube. Here, we report for the first time on hydrogen 
nanosensors developed by using an individual TiO2 nano-
tube integrated on the chip and demonstrate a higher gas 
response to hydrogen from samples annealed at 650 °C 
than samples annealed at 450 °C and as-grown. 

 
2 Experimental details TiO2 nanotubes were ob-

tained by electrochemical anodization of Ti foil (from 
Sigma-Aldrich) with thickness of 0.25 mm and purity of 
99.7%. Prior to the anodic oxidation, the sample was de-
greased in an ultrasonic bath using acetone and isopropyl 
alcohol, followed by rinsing in deionized water, and then 
dried under a nitrogen stream. The solution used in anodi-
zation experiments is described in a previous work [15]. 
The anodization was performed at room temperature, for 
2 h and with a voltage of 120 V applied to the sample. This 
allowed us to obtain TiO2 nanotubular membranes with the 
thickness of 20 µm (~ nanotube length) and the inner di-
ameter of the tubes of about 80–120 nm. 

The electrochemical anodization process was per-
formed in a standard electrochemical cell based on three 
electrodes, with Ag/AgCl (1 M KCl) as reference electrode. 
The potential between the measuring electrode and the ref-
erence one as well as the anodic oxidation current were 
measured by a Keithley 2400 digital multimeter. 

The morphology of specimens was investigated by 
scanning electron microscope Ultra 55 Zeiss FEG (10 kV). 
A WITec Raman equipment was used for Raman scatter-
ing characterization of the nanotubes. Excitation of sam-
ples was provided by a 532 nm line from a frequency dou-
bled Nd:YAG laser at an output power of 10 mW [16]. 

The separation of individual nanotubes from the entire 
membrane has been performed using an ultrasound bath. 
The membrane was placed in ethanol and then subjected to 
ultrasonic treatment for 15 s which resulted in a solution 
containing dispersed TiO2 NTs. Micro-drop of the solution 
containing TiO2 NTs was transferred using a pipette on a 
Si/SiO2 substrate, afterwards transferred to the chip with 
pre-patterned Au metal contacts. The nanotubes were 
placed between the contacts using previously developed 
technique by Lupan et al. [16–18]. 

Focused ion beam metal deposition function of FIB-
SEM instrument Dualbeam Helios Nanolab (FEI) (10 kV, 
0.34 nA) [16] was applied to deposit two rigid Pt complex 
contacts on each individual TiO2 nanotube. Three different 
types of titania NTs, namely as-grown, annealed at 450 °C, 
and annealed at 650 °C were used as raw material for sen-
sor fabrication. The gas responses of fabricated nano- 
sensors were tested in the presence of H2 at room tempera-
ture as reported previously [17, 18]. The H2 gas pulses of 
1000 ppm were applied in experiments as before [16–18]. 

 
Figure 1 SEM images taken from a TiO2 nanotubular membrane: 
(a) bottom view, (b) top view, (c) longitudinal section taken from 
a cluster of nanotubes showing a tubular morphology along its 
length. (d, e, f) As-grown, annealed respectively at 450 °C and 
650 °C in air and separated from the membrane. 

 
3 Results and discussion The SEM image of the 

bottom side of the TiO2 nanotubular membrane is pre-
sented in Fig. 1a, and the top surface of the TiO2 mem-
brane is shown in Fig. 1b. Interestingly, the bottom surface 
is not smooth and is crossed by numerous convolutions, 
unique for each tube (Fig. 1a). These features represent a 
'fingerprint' of the tube, providing a possibility of identify-
ing each tube individually. The obtained nanotubes exhibit 
a double-wall structure (Fig. 1c), which is in agreement 
with previous observations [19]. Figure 1d shows a pair of 
as-grown NTs detached from the titania membrane by the 
technique described above. Figure 1e and f show SEM im-
ages of the NT samples annealed in air at 450 °C and 
650 °C, respectively. 

Post-anodization thermal treatment at 450 °C and 
650 °C in air was applied to modify the structure of titania 
NTs [20]. Post-growth treatment and the resulting crystal 
phases have a significant impact on the electronic, me-
chanical, optical, and chemical properties of the TiO2 NTs 
[20]. 

The analysis of micro-Raman spectra shown in Fig. 2a 
suggests that as-prepared TiO2 nanotubes are amorphous 
(red curve), while those annealed at 450 °C exhibit anatase 
(An) crystalline structure (black curve). The peaks at 399, 
514 and 639 cm–1 correspond to anatase phase [21]. Along  

 

 
Figure 2 (a) Micro-Raman scattering spectra taken from initial 
individual TiO2 nanotube (red curve), TiO2 nanotube annealed at 
450 °C (black curve – An) and 650 °C (green curve – An + Ru). 
(b) The X-ray diffraction patterns of the product from TiO2 NTs 
(s2, annealed at 450 °C and s3 annealed at 650 °C). 
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Figure 3 SEM image of (a) a chip fabricated on Si/SiO2 substrate 
with Au electrical contacts, (b) a gas sensor made from a single 
nanotube with amorphous structure. 
 
with these three peaks, two additional peaks at 612 cm–1 and 
447 cm–1 are observed in Raman spectrum taken from sam-
ples annealed at 650 °C, see Fig. 2a (green curve), which are 
inherent to the rutile (Ru) phase of TiO2 [22]. Note that rutile 
is generally considered to be the thermodynamically most 
stable phase of TiO2. The XRD data presented in Fig. 2b 
confirms micro-Raman observations on TiO2 NTs. 

Figure 3 represents a SEM image taken from a chip 
fabricated on a Si/SiO2 substrate (Fig. 3a) with gas sensor 
based on a single TiO2 nanotube with amorphous structure 
placed between electrical contacts (Fig. 3b). Similar de-
vices on individual NTs were made from all three types of 
NTs (not shown here to avoid repetition). The NT length in 
device was about 4 μm in all cases. 

The current–voltage (I–V) dependence taken from 
three types of sensors under consideration shows a similar 
behavior in the range from –10 V to +10 V as illustrated in 
Fig. 4a. In all types of nanosensors, the current increased 
when the sensors were exposed to H2 gas and recovered to 
the initial value when the H2 gas atmosphere was replaced 
by air. Note that the sensor response was quite stable over 
many cycles of exposure to H2 gas. However, as one can 
see in Fig. 4(b–d), there are notable differences in the re-
sponses to the gas among sensors based on nanotubes with 
three different crystalline structures consisting of amor-
phous, anatase or mixed anatase/rutile phases. In particular, 
when a gas pulse is applied, the current increases up to a 
maximum value more slowly in the sensor based on amor-
phous nanotube (tens of seconds) than it does in nanosen-
sors with anatase crystal structure (rise time constant 
τr1 = τr2 ~ 1.37 s) or mixed anatase/rutile crystal structure 
(τr1 = τr2 ~ 0.7 s). Besides, in the case of single nanotube 
sensor with amorphous or pure anatase structure, two dis-
tinctive regions of the relaxation process are observed after 
exposure to the gas pulses (Fig. 4b, c). For the amorphous 
TiO2 NT-based sensor structure, these two slopes of recov-
ery curves (Fig. 4b) can be characterized as follows: during 
first 30–40 s the current drops by 90% of the maximum 
value, followed by a much slower current decrease 
(Fig. 4b). In the case of the sensor with anatase crystal 
structure (Fig. 4c) there is a relatively rapid decrease of the 
current during initial period (decay time constant τd ~ 3 s) 

 
Figure 4 (a) Current–voltage characteristics of the device. Dy-
namic changes in the electrical current in response to hydrogen 
gas for a single TiO2 nanotubular sensor with: (b) amorphous, (c) 
anatase and (d) mixed anatase/rutile structures, measured at 
300 K under applied voltage of  +10 V. 

 

after H2 gas was turned off, followed by a rather slow de-
crease. In both cases current reaches a value very close to 
its original baseline value after exposure to air for about 
180 s. However, the NT sensor containing anatase/rutile 
phase shows a much faster response (τr1 = τr2 ~ 0.7 s)  
and recovery times (τd1 = τd2 ~ 0.9 s) in comparison with 
previous two types of nanosensors. In this case, to  
find time constants, least square fittings were per- 
formed with equations 1 2/ /

0 1 2( ) e er rt tI t I A A= + +τ τ  and 
1 2/ /

0 3 4( ) e e ,d dt tI t I A Aτ τ- -= + +  where I0 is dark current, A1, 
A2, A3 and A4 are positive constants, τr1, τr2 and τd1, τd2  
are time constants for rising and decaying current, respec-
tively. 

The fundamental mechanisms that cause resistance 
changes are still controversial [17, 18, 23], but essentially 
trapping/releasing of electrons at adsorbed O2 and H2 and 
band bending induced by these charged molecules are 
mainly responsible for a change in resistance. When NTs 
are placed in atmosphere, the oxygen from air is adsorbed 
as follows [16, 24]: (O2(gas) → O2(ads); O2(ads) + e– ↔ O–

2(ads); 
O–

2(ads) + e– ↔ 2O–
(ads); O–

(ads) + e– ↔ 2
(ads)O )-  on the nanotube 

surface by capturing a free electron from nanomaterial, 
leading to an enhanced base resistance [16–18]. An elec-
tron-depletion layer is formed on the NT surface. It is im-
portant to point out, that the types of chemisorbed oxygen 
species (O2

–, O– and O2–) depend strongly on temperature 
[16, 17, 23, 24]. When the sensor is exposed to a reducing  
gas (H2), it removes these adsorbed ionized oxygen species 
(e.g. O2

–, O– and O2–) by reversible chemisorptions  
(H2 + 1/2O–

2(ads) → H2O(gas) + e–), thus reducing the electri-
cal resistance due to releasing of the electrons in the NT 
[12, 17, 18]. It is important to mention other mechanisms 
responsible for gas sensing of TiO2. Previous results indi-
cate that the gas sensing response properties of TiO2 based 
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sensors might be attributed to the interaction between tar-
get gas and material bulk defects [25]. 

Our data show that the best performance was found  
in the sensors made from NTs annealed at 650 °C, i.e.,  
in the devices with mixed anatase/rutile crystal structure. 
The observed response time for these sensors is about  
0.7–0.9 seconds (Fig. 4d), this value being characteristic 
for both cases of current increase when the sensor is ex-
posed to the H2 gas and current relaxation after exposure to 
the gas pulse. Therefore, it can be suggested that mixing of 
two crystal phases of TiO2 has significant influence on the 
gas sensing performance of the tinatia NTs. Also, it is im-
portant to mention that such sensor structures exhibit a re-
liable operation to H2 gas in air, while previous reports 
showed H2 sensing in a N2 gas environment [10, 12]. A 
synergistic effect between anatase and rutile TiO2 is known 
for other applications too [26]. 

An individual TiO2 nanotube represents in our third 
case a heterogeneous nanocrystalline material consisting of 
anatase and rutile phases. One can expect that there is a po-
tential barrier between them, which the electrons should 
overcome, and this may be of importance since the opera-
tion of nanocrystalline sensors is usually based on re- 
sistance modulation (decrease or increase of potential bar-
riers due to interaction with the gas medium). So, one can 
speculate that the increased response and faster re-
sponse/recovery in the third case is caused by the nanotube 
material. It may result in the occurrence along the tube of 
potential barriers which are effectively modulated by the 
gas adsorption/desorption.  

 
4 Conclusions We demonstrated a novel type of  

hydrogen sensors based on an individual TiO2 nanotube 
fabricated by anodic etching of Ti foils, subsequent sonica-
tion and its direct integration on the chip. Post-anodization 
thermal treatment at 450 °C and 650 °C in air was applied 
to control the crystalline structure of titania NTs. As a re-
sult of a comparative analysis of sensors characteristics 
based on amorphous (as-grown), anatase (annealed at 
450 °C) and mixed anatase/rutile (annealed at 650 °C) 
structures, we found that single nanotube with ana-
tase/rutile structure shows a faster response of ~1 s to hy-
drogen gas in air at room temperature. Along with this, the 
response for such sensor structures is 3 times larger than 
for amorphous ones and the recovery time is about 1 s. The 
obtained results prove that individual TiO2 nanotubes  
represent a promising platform for gas nanosensor applica-
tions, especially when low-cost, small size and fast re-
sponse should be secured. 
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