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Abstract 
 Hydrogen (H2) fuel cells have been considered a promising renewable 
energy source. The recent growth of H2 economy has required highly 
sensitive, micro-sized and cost-effective H2 sensor for monitoring 
concentrations and alerting to leakages due to the flammability and 
explosiveness of H2 Titanium dioxide (TiO2) made by electrochemical 
anodic oxidation has shown great potential as a H2 sensing material. The 
aim of this thesis is to develop highly sensitive H2 sensor using anodized 
TiO2. The sensor enables mass production and integration with 
microelectronics by preparing the oxide layer on suitable substrate. 

Morphology, elemental composition, crystal phase, electrical properties 
and H2 sensing properties of TiO2 nanostructures prepared on Ti foil, Si and 
SiO2/Si substrates were characterized. Initially, vertically oriented TiO2 
nanotubes as the sensing material were obtained by anodizing Ti foil. The 
morphological properties of tubes could be tailored by varying the applied 
voltages of the anodization. The transparent oxide layer creates an 
interference color phenomena with white light illumination on the oxide 
surface. This coloration effect can be used to predict the morphological 
properties of the TiO2 nanostructures. The crystal phase transition from 
amorphous to anatase or rutile, or the mixture of anatase and rutile was 
observed with varying heat treatment temperatures. However, the H2 
sensing properties of TiO2 nanotubes at room temperature were insufficient. 

 H2 sensors using TiO2 nanostructures formed on Si and SiO2/Si substrates 
were demonstrated. In both cases, a Ti layer deposited on the substrates by 
a DC magnetron sputtering method was successfully anodized. A 
mesoporous TiO2 layer obtained on Si by anodization in an aqueous 
electrolyte at 5°C showed diode behavior, which was influenced by the 
work function difference of Pt metal electrodes and the oxide layer. The 
sensor enabled the detection of H2 (20-1000 ppm) at low operating 
temperatures (50–140°C) in ambient air. A Pd decorated tubular TiO2 layer 
was prepared on metal electrodes patterned SiO2/Si wafer by anodization 
in an organic electrolyte at 5°C. The sensor showed significantly enhanced 
H2 sensing properties, and detected hydrogen in the range of a few ppm 
with fast response/recovery time. The metal electrodes placed under the 
oxide layer also enhanced the mechanical tolerance of the sensor. 

The concept of TiO2 nanostructures on alternative substrates could be a 
prospect for microelectronic applications and mass production of gas 
sensors. The gas sensor properties can be further improved by modifying 
material morphologies and decorating it with catalytic materials.  
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Tiivistelmä 
Vety (H2) polttokennojen lähteenä on osoittautunut hyväksi uusiutuvaksi 
energia-lähteeksi. Kasvava vetytalous vaatii herkkiä, pienikokoisia ja 
edullisia antureita monitoroimaan vetypitoisuuksia ja varoittamaan 
mahdollisista vuodoista, sillä vety on palava ja sopivina seoksina räjähtävä 
kaasu. Tämän väitöskirjatyön tavoitteena on ollut kehittää herkkä 
vetyilmaisin, joka perustuu anodisoimalla valmistettuun titaanidioksidiin 
(TiO2). TiO2 on osoittautunut hyväksi materiaaliksi vedyn ilmaisuun. Jos 
anturi pystytään valmistamaan sopivalle alustalle, niin silloin olisi 
mahdollisuus anturien massavalmistukseen ja integrointiin 
mikroelektroniikkaan. 
 TiO2-nanorakenteita valmistettiin Ti-kalvolle, piille ja piidioksidille ja 
niiden rakenteelliset ja sähköiset ominaisuudet sekä vetyherkkyys 
karakterisoitiin. Vedylle herkkä nanoputkimainen TiO2-rakenne saatiin 
anodisoimalla Ti-kalvoa. Syntynyt nanoputkirakenne riippui mm. 
anodisointijännitteestä. Interferenssin vaikutuksesta läpinäkyvä 
oksidikerros näkyi värikkäänä, kun sitä valaistiin valkoisella valolla. Värin 
perusteella voitiin päätellä TiO2-nanorakenteen paksuus. Syntyjään 
kiderakenne on amorfinen, mutta se voidaan muuttaa lämpökäsittelyllä 
anataasiksi, rutiiliksi tai niiden seokseksi. Tyypillinen anturin 
toimintalämpötila on (200–300) °C. Ongelmallista on kuitenkin saada 
anturit toimimaan jo huoneenlämmössä. 
 Valmistimme H2-antureita Si- ja SiO2/Si-pohjille. Molemmissa tapauksissa 
Ti sputteroitiin ensin alustalle ja anodisoitiin sitten 5 °C:ssa. Ensimmäisessä 
tapauksessa (mesorakenteisessa) TiO2:ssa Pt-elektrodin ja oksidikerroksen 
välille muodostunut Schottky-diodi aiheutti virran diodimaisen 
käyttäytymisen. Muodostettu ilmaisin kykeni mittaamaan (20 – 1000) 
ppm:n vetypitoisuuksia ilmassa (50 – 140) °C:n lämpötiloissa. Jälkim-
mäisessä valmistettiin nanoputkimainen TiO2-rakenne termisesti 
oksidoidun piin päälle anodisoimalla Ti-kerros orgaanisessa elektrolyytissä 
5 °C:ssa. Tässä rakenteessa metallielektrodit olivat TiO2-kerroksen alla. Kun 
rakenteen pinnalle lisättiin hieman palladiumia, saavutettiin huomattavasti 
parempi herkkyys ja nopeampi reagointiaika kuin mesorakenteella (1 – 
2000) ppm:n vetypitoisuuksissa. 
 Kerrosmainen TiO2-rakenne eristävän substraatin päällä mahdollistaa 
anturien massavalmistuksen ja ehkäpä yhdistämisen mikroelektroniikkaan. 
Anturin ominaisuuksia voidaan parantaa rakenteellisilla muutoksilla ja 
katalyyttisillä lisäaineilla. 
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Chapter 1 

Background 

Increasing emissions of air pollutants and global climate change caused by 
consuming fossil fuels have been a concern for several decades. This is not 
only resulting in environmental problems, but also ecological imbalance. 
Hence, society aims at reducing greenhouse gas emission and finding 
alternative energy sources. Renewable energy sources, such as hydropower, 
wind power, photovoltaic (PV) and hydrogen fuel cells (HFC), are favored to 
reduce the use of fossil fuels, and especially wind power and PV show fast 
growth rates [1]. However, these technologies still need further 
development because these energy sources are not yet flexible enough to be 
carried or stored. 

The importance of hydrogen has increased since hydrogen has been 
started to be considered as an alternative renewable energy resource as 
well as its wide utilization in various other applications, such as, petroleum 
processing, fertilizer production, and fuel cells [2]. Hydrogen is a clean, 
efficient and abundant resource in nature. Moreover, hydrogen can not only 
provide a solution for dwindling fossil fuel resources, but also encourages 
its development as an energy carrier. Therefore, with the increasing 
importance of hydrogen fuel, it has been defined as one of the six 
alternative fuels for automobile industries by the U.S. Department of Energy 
which has worked to build a hydrogen infrastructure [3]. Nevertheless, 
hydrogen is limited in its use because of its chemical/physical properties, as 
it is a colorless, odorless, and tasteless and flammable gas. Hydrogen in air 
is flammable and explosive in the concentration of 4–75 vol. %. Therefore, a 
hydrogen sensor is a prerequisite to alert in the case of the accumulation of 
hydrogen in different atmospheric conditions and to prevent the risk of the 
explosion.  

Many different types of hydrogen sensors have been available on the 
market. Much effort has been made to improve gas sensing properties, 
which are sensitivity, selectivity, and response/recovery time. As the 
hydrogen industry evolves, more specific hydrogen sensing properties are 
required in respect with the applications. Thus, the desired characteristics 
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of hydrogen sensors have been discussed comprehensively throughout 
several reviews [2,4] and their summary is presented in Table 1. 

Table 1: Sensor requirements for hydrogen sensor research & development. 

Parameter Value 

Measurement Range 0.1% – 10% (Safety) 
1 – 100% (Fuel cells) 

Operating temperature –30 – 80°C (Safety) 
70 – 150°C (Fuel cells) 

Response time < 1s 

Gas environment Ambient air 
10% – 98% RH 

Lifetime 10 years 

Interference Resistant (e.g., hydrocarbons) 

Reliability  
(Sufficient accuracy and sensitivity) 

Uncertainty < 5 – 10% of signal 

Pressure 80-110 kPa 

 
Metal oxide semiconductors, such as SnO2, ZnO, and TiO2, have been widely 

used as gas sensing materials due to some advantages, such as low cost, 
high sensitivity and feasibility of mass production. The working mechanism 
of metal oxide semiconductor gas sensors is based on changes of the sensor 
resistance including electrical resistance of the sensing materials and 
contact resistance when a target gas is introduced in the detecting 
atmosphere. 

Among the various metal oxide materials, TiO2 prepared by anodic 
oxidation has received much attention. Since the discovery of a porous 
oxide surface formed in fluoride containing electrolyte by Zwilling [5], 
numerous studies have attempted the modification of this material and 
have been able to show potential for usage in various applications, such as 
photovoltaic, photo-catalyst and gas sensors. Eventually, a TiO2 nanotube 
array prepared by anodic oxidation was reported by Grimes and co-workers 
in 2001 [6]. Interestingly, anodically prepared TiO2 nanotubes have shown 
great hydrogen detection properties compared to other TiO2 
nanostructures. However, the technologies using anodically prepared TiO2 
layer are still difficult to be commercialized due to the following reasons. 
First of all, it is expensive to produce the final product using novel material 
due to manufacturing and characterizing processes using nanotechnologies. 
Secondly, its structural characteristics are not optimistic comparing to 
existing materials, such as SnO2 powder. In other words, when the material 
is a solid thin layer prepared on a substrate, its usage is more limited 
compared to powder type of TiO2 nanostructures. Finally, gas sensors using 
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an anodic TiO2 layer are not yet on a stage of mass production for 
microelectronic applications. 

Therefore, this study is focused on the development of a hydrogen gas 
sensor using anodic TiO2 nanostructures, which currently need further 
improvement of material manufacturing efficiency and gas sensing abilities. 
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Chapter 2 

Literature review 

2.1 Definition of chemical sensors 

A gas sensor is defined by the International Union of Pure and Applied 
Chemistry (IUPAC) as follows: “a chemical sensor is a device that 
transforms chemical information, ranging from the concentration of a 
specific sample component to total composition analysis, into an 
analytically useful signal. The chemical information, mentioned above, may 
originate from a chemical reaction of the analyte or from a physical 
property of the system investigated” [7]. Chemical sensors are made of a 
receptor (a chemical recognition system) and a transducer. The receptor is 
typically a material, such as a thin layer, which reacts to gas molecules 
selectively. Such chemical reactions take place by adsorption, ion exchange 
or liquid-liquid extraction at the interface between gas molecules and 
receptor surface. The transducer measures the chemical information 
obtained from the receptor and converts it into a useful analytical or digital 
signal.  

2.2 Classification of hydrogen sensors  

The physical or chemical reaction of hydrogen with the element comprising 
the sensor produces changes in various properties, such as temperature, 
refractive index, mass and electrical properties. According to the working 
principle of the sensor, hydrogen sensors have been classified and 
summarized as listed below.  
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Table 2: Classification of hydrogen sensors by operating principles [4].  

Working principle Type of sensor Signal source 
Catalytic: Heat effects caused 
by combustible gases with 
oxygen on catalytic surface 

Pellistor Electrical resistance change resulting from 
temperature changes of an activated bead, based on 
exothermic reaction 

Thermoelectric 
 

Based on the Seebeck effect1 (thermoelectric effect) 
caused by oxidation of hydrogen 

Thermal conductivity: The 
measured temperature 
changes from a hot body 

Pellistor like 
sensor 

Detecting the temperature changes between ‘hot’ 
and ‘cold’ element 

Electrochemical: Detection of 
charge transport change or 
electrical properties caused 
by electrical reaction at 
sensing electrodes. 

Amperometric Detecting current changes resulted from chemical 
reaction 

Potentiometric The potential difference between a sensing electrode 
and reference electrode 

Resistance based Semiconducting 
metal–oxide 
sensor 

Change of electrical resistance by reaction of 
hydrogen with adsorbed oxygen 

Metallic resistor Electrical resistivity caused by adsorption of 
hydrogen from the ambient atmosphere  (Resistance 
of PdH2 > Pd) 

Work function based 
Measures the electron volts 
that are the minimum energy 
to remove an electron from 
solid surface. 

Metal–
semiconductor 
(Schottky) diode 

Changes of work function of sensing materials (Pt, 
Pd) via hydrogen diffusion 

Metal–insulator–
semiconductor 
transistor 

Field effect transistor that converts the change of 
work function of a catalytic metal gate into an 
electrical signal according to hydrogen 
concentration 

Mechanical  Changes of physical properties of sensing metals by 
hydrogen adsorption that causes expansion of the 
metal lattice. 

Optical Measures changes of 
optical properties of sensing 
materials 

Micro-mirror 
optical fibre 
sensor 
Surface plasmon 
resonance  

Changes in the reflectivity of the sensing layer (Pd) 
Change of resonant wavelength or angle of the 
incident light source.  

Acoustic Measures changes in 
the acoustic wave properties 
of piezoelectric materials 

Quartz crystal 
microbalance 

Resonance frequency caused by a thin quartz disk 
that is sensitive to hydrogen adsorption 

Evanescent 
based sensor 

Reaction of evanescent2 materials with hydrogen 
causes a change in its refractive index, which can be 
detected as change of transmittance 

                                                             

1 The Seebeck effect is to convert the temperature difference of two different metals into 
electricity. This phenomena is caused by metals, which respond to temperature, current 
loops and magnetic fields. 
2 An evanescent field, which is a magnetic field, can form at the boundary between a medium, 
for example, at the core of optical fiber. The evanescent field is weakened exponentially with 
distance from the core. 
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2.3 Characterization of gas sensing properties 

The gas sensing properties of metal oxide gas sensors can often be 
characterized by several factors, such as, sensitivity, response time, 
recovery time, optimal operating temperature and detection limit. In metal 
oxide gas sensors, sensitivity (S, response) mostly indicates the ratio of the 
resistance measured in background gas (eg. air and N2) and the resistance 
measured in a mixed atmosphere with a target gas. This can usually be 
defined in several different forms, assuming that the resistance of the 
sensor is the measuring signal; (i) S=Ra/Rg, (ii) S=Rg/Ra, (iii) S=(Ra-Rg)/Rg 
and (iv) S=(Rg-Ra)/Ra, where Ra is the resistance of the sensor in background 
atmosphere and Rg is the resistance of the sensor in target gas. In this study, 
the sensitivity was determined by using (iii) formula. 

Response time was estimated as the time when the sensor reached 90% of 
the steady-state value of the resistance to H2 and recovery time was 
estimated as the time when the sensor recovered to 90% of the initial 
resistance. In practice, the obtained response and recovery time from gas 
sensing measurements are mostly longer than the actual sensor’s reaction 
time due to the delay time caused for the replacement of gases in the testing 
environment. Therefore, a sensor with good gas sensing properties has high 
sensitivity, a short reaction time, a low operating temperature and a long 
life time (high tolerance). 

2.4 Historical background of metal oxide gas sensors 

The first gas sensor application with semiconductors was reported by 
Brattain and Bardeen in 1953 [8]. Later on, metal oxide gas sensors were 
commercialized by Taguchi, the so-called Taguchi sensor, and it is still on 
the market [9]. The Taguchi sensor consists of a heater embedded in an 
aluminum ceramic tube, and sensing material, SnO2, mounted on the tube 
by two gold electrodes, as seen in Figure 1.  



 

8 

 

Figure 1: Schematic of the Taguchi-type sensor (a) Sensor Element and (b) 
Packaged Sensor [9]. 

For decades, the screen printing technique has been commercially favored 
to produce smaller sensors than that by Taguchi. It brought the advantages 
of a mass production of sensor arrays that consist of a metal oxide sensing 
layer deposited on a ceramic substrate through batch processing. However, 
gas sensors made by screen printing still require further improvement for 
power consumption, mounting technology and selectivity. These 
requirements have led the research interest to miniaturization, which 
requires highly sensitive control of thin layer deposition for micro-sized 
sensor module processes [10]. Consequently, metal oxide gas sensor 
technology integrated with microelectro-mechanical system (MEMS) which 
reduces sensor size, power consumption and production cost has emerged. 
Suehle et al. [11] reported a metal oxide gas sensor on a micro hotplate 
based on a complementary metal oxide semiconductor (CMOS) process in 
1993 as one of the first micromachined gas sensor models. As power 
consumption and mass production in gas sensor modules are the main 
interest in the present research field toward integrated circuit (IC) 
technology, CMOS technology was a success as it accomplished a significant 
reduction in total power consumption. Moreover, CMOS technologies enable 
self-containing sensing modules including all sensors, fabrication process, 
interface on a chip as well as possible wireless interface [12]. 

2.5 Hydrogen gas sensors using metal oxide 
semiconductors 

The existing gas sensor technologies, including catalytic, thermal 
conductivity and metal oxide sensors, have been developed with MEMS 
[10,13,14]. Essentially, for metal oxide semiconductor technologies, the 
main interest has been on nano-sized material structures. A number of 
studies have shown that the gas sensing performance of micro-sized gas 
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sensors can be improved by controlling the morphological structures of the 
deposited oxide layer and by doping with noble metals, such as Pd [15]. 
These advanced materials can be deposited on silicon or Al2O3 based 
substrates and embedded in a micro-sensor module. In this chapter, the 
most widely studied metal oxide materials for hydrogen sensing 
applications are introduced. 

2.5.1 Tin oxide (SnO2) 

Tin dioxide (SnO2) is one of the first and most studied gas sensing materials 
with ZnO. SnO2 exists in a crystalline structure of rutile and has a wide band 
gap (3.6 eV at 300K). SnO2 nanostructures have been synthesized by the sol-
gel method [16], the hydrothermal method [17], chemical vapor deposition 
[18], thermal evaporation and etc. They have been found to exist as 
nanorods, nanofibers, nanoribbons, nanobelts and nanowires. Wang et al. 
[19] made a comparison of gas sensors made of SnO2 thin film and 
nanowires as well as other nanostructures. This result obviously showed 
that one dimensional (1D) nanostructural materials enhanced sensor 
properties, such as selectivity, response / recovery time, and sensitivity. 
Table 3 represents the hydrogen sensing properties of various SnO2 
nanostructures. 

Table 3: Summary of various hydrogen sensors using SnO2 nanostructures. 

Structure 
Synthesis 
method 

Catalyst 
Detection limit 

(ppm) 
Operating 

temperature (°C) 
Ref. 

Nanowire Thermal 
evaporation 

 10 300 [19] 

Nanorods Thermal 
evaporation 

 500 300 [19] 

Nanobelt Thermal 
evaporation 

 30000 80 [20] 

Nanotubes Surface 
sol−gel 
process 

 100 450 [21] 

Nanowire Thermal 
vaporization 

Pd 5000 22 [22] 

Nanofiber Electro 
spinning 

Pd 0.02 22 [23] 

 
In general, SnO2 based sensors require high operation temperatures 

ranging from 200 to 500°C. To counteract high power consumption, some 
studies have demonstrated sensors that operate at room temperature. A gas 
sensor using an In2O3-doped SnO2 thin film synthesized by the sol–gel 
method was integrated with MEMS [24]. Much effort has been made to 
improve the sensing performance of SnO2 by decorating with catalytic 
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materials, such as Pd. Pd nanoparticle decorated SnO2 nanowires showed 
enhanced hydrogen sensing properties at room temperature[22]. However, 
the slow recovery time (> 20 min) observed in most SnO2 based sensors is a 
disadvantage [25]. 

2.5.2 Zinc Oxide (ZnO) 

Zinc oxide (ZnO) is a semiconductor with a wide band gap (3.3 eV) and has 
widely been used in catalytic, electronic, optoelectronic and photochemical 
applications. As mentioned above, ZnO is one of the first discovered sensing 
materials and has been extensively used for gas sensor applications. Various 
ZnO nanostructures and their preparation methods have been reported [26] 
and used for hydrogen sensing as shown in Table 4.  

Table 4: Summary of various hydrogen sensors using ZnO nanostructures. 

Structure Synthesis method Catalyst 
Detection limit 

(ppm) 
Operating 

temperature (°C) 
Ref. 

Thin film RF sputtering  200 400 [27] 

Thin film RF sputtering  50 350 [28] 

Nanorods Hydrothermal   200 22 [29] 

Nanowires 
Chemical vapor 

deposition 
 100 22 [30] 

Nanorods Sol-gel  Pd 100 22 [31] 

Nanorods 
Atomic layer 
deposition 

 5 22 [32] 

Nanorods 
Molecular beam 

epitaxy 
Pt 500 22 [33] 

Nanotubes Electrospinning  2.3 200 [34] 

 
However, the sensor performance of ZnO as bulk material is not 

satisfactory, compared to 1D nanostructural ZnO. For example, Tien and co-
workers [33] compared hydrogen sensing properties between Pt coated 
ZnO thin film and ZnO nanorods, which were prepared by Pulsed Laser 
Deposition and nucleating ZnO nanorods, respectively. The sensor 
consisting of nanorods showed higher response to hydrogen than the thin 
film, because of the high surface to volume ratios. Therefore, aligned 1D 
structure, such as nanorods and nanowires, are preferred for gas sensor 
applications. ZnO nanorods or nanowires have been synthesized by the 
vapor-liquid solid (VLS) growth process, template assisted growth and 
hydrothermal process. With or without the support of catalytic materials, 
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such as Pd or Pt, it has recently reported that ZnO nanostructures can detect 
hydrogen at room temperature. This low operating temperature is one of 
main demands in semiconductor gas sensors. Lupan and co-workers [29] 
demonstrated a single ZnO nanorod hydrogen sensor synthesized by a 
hydrothermal method using an aqueous-based approach in a reactor. The 
sensor shows a sensitivity of 4% to 200 ppm H2 and high selectivity to O2, 
CH4, CO, ethanol and Liquefied petroleum gas (LPG), as the sensitivity to 
these gases were lower than 0.25%. 

Due to its material properties, which are the wide energy band gap of 3.37 
eV at room temperature and large exciton energy of 60 meV [35], ZnO 
nanostructures can provide the feasibility to fabricate a flexible and a 
transparent gas sensor. Rashid et al. [31] demonstrated a flexible hydrogen 
sensor that consists of Pd decorated ZnO nanorods film prepared by the sol-
gel method and deposited on polyimide substrate, showing appreciable 
hydrogen sensing performance, that is, a sensitivity of ~91% to 1000 ppm 
H2 at room temperature. In addition, the sensor shows high mechanical 
robustness (bending 90°).  

2.5.3 Tungsten Oxide (WO3) 

Tungsten oxide (WO3) has been known a gas sensor material especially 
sensitive to NO2 [36]. WO3 sensors are typically used with Pt or Pd 
nanoparticles as catalytic material to improve their H2 sensing performance.  

The nanostructures commonly associated with WO3 are nanowires, 
nanorods and nanotubes [37]. The most commonly used method to obtain 
WO3 nanostructures is physical vapor deposition (PVD) that uses WO3 
materials as a solid target or powder. The PVD process includes sputtering, 
thermal evaporation, electron-beam deposition, pulsed laser deposition and 
arc-discharge deposition techniques. For example, a gas sensor using a WO3 
thin film deposited on a Si substrate by thermal evaporation has been 
demonstrated [38]. The as-deposited WO3 sensor, which is amorphous, has 
no response to target gases (H2, ethanol). The annealing procedure plays an 
important role in gas sensor performance as shown by the fact that WO3 
annealed at 400°C displayed significantly improved response to 600 – 
10000 ppm H2 compared to WO3 annealed at 300°C. Increasing the interest 
of 1D nanostructured materials, An and co-workers [39] reported that WO3 
nanotubes using a TeO2 nanowire template showed notable performance to 
1-50 ppm NO2. This study indicated that tubular structures show enhanced 
gas sensing properties compared to nanorod structures due to the higher 
surface to volume ratio of the WO3 nanotubes. 

Recently, anodic oxidation has been utilized to form nanoporous WO3 film 
[40-42]. Despite of increasing interest, only a few studies have reported the 



 

12 

gas sensing properties of anodic WO3 film. Kukkola et al. [43] demonstrated 
a gas sensor using mesoporous WO3 obtained by anodic oxidation in a NaF 
based electrolyte. After the oxidation process the oxide film was detached 
from tungsten basis, the oxide film was transplanted to a Si substrate to 
connect with metal electrodes, which were made for electrical 
measurements. The sensor showed better sensing properties to H2 in air 
and Ar than to CO, NO and O2. This work suggests some feasibility of anodic 
WO3 films to be used in gas sensors. Various hydrogen sensors using WO3 
are presented in Table 5. 

Table 5: Summary of various hydrogen sensors using WO3 nanostructures. 

Structure Synthesis Method Catalyst 
Detection 

limit (ppm) 

Operating 

Temperature (°C) 
Ref. 

Thin film Vacuum sublimation  Pd 250 80-120 [44] 

Nanowires Vacuum sublimation  Pt-Pd 10 25 [45] 

Nanowires Hydrothermal  Pd or Pt 10 150-250 [46] 

Thin film RF sputtering Pt 30 200 [36] 

 

2.6 Titanium dioxide (TiO2) for hydrogen sensing 
applications  

Titanium (Ti) was discovered in 1791 by W. Gregor and named 
menachanite [47]. 4 years later M. H. Klaproth named it as titanium after 
the Titans in Greek mythology [48]. Titanium dioxide (TiO2) is a naturally 
formed oxide of Ti. It was discovered in 1821 and at the beginning of the 
20th century the mass production of TiO2 began and it was frequently used 
in paints, white pigments, and sun-blocks. The discovery of photo-
electrochemical water splitting properties of TiO2 anode in 1972 made a 
breakthrough in the research area of solar energy conversion [49]. In 1977, 
the photocatalysis effect of TiO2, which made a significant contribution to 
environmental applications, was first demonstrated by examining the 
decomposition of cyanide in water [50,51].  

TiO2 is a transition metal oxide and shows n-type semiconductor behavior 
[52]. Its crystalline phases are known to be rutile (tetragonal), anatase 
(tetragonal) and brookite (orthorhombic) as seen in Figure 2. In these 
phases, titanium ions (Ti4+) are bonded with six oxygen ions (O2-). Rutile is 
the only stable phase while anatase and brookite are metastable at all 
temperatures. As-prepared TiO2 has been found to be amorphous in many 
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cases [53-56] while anatase or rutile can directly be obtained by a 
hydrothermal method [57]. The crystal phase transition from amorphous to 
anatase or rutile can be done by heat treatment [58]. In the case of 
anodically prepared TiO2 samples, the anatase phase can be obtained at 
temperatures ranging from 300 to 500°C and the anatase phase transforms 
to rutile at 500 - 900°C [56].  
 

 

Figure 2: Crystal structures of TiO2 polymorphs. Red spheres are Ti4+, blue 
spheres are O2− and yellow lines represent the unit cell. (a) Rutile. (b) 
Anatase. (c) Brookite. Reprinted with permission from [59]. Copyright © 
2013 IOP Publishing Ltd. 

During the last decades, scientists have been interested in 1D 
nanostructures and their modifications. TiO2 nanostructures have been 
prepared as porous thin layers, nanotube arrays [6,60], nanotubes [54], 
nanobelts [61], nanofibers [62], nanorods [63] and nanowires [64]. These 
nanostructures have been produced using various methods, for example, 
the hydrothermal [65], sol-gel [53] and anodization methods [66]. These 
TiO2 nanostructures react to both oxidizing gases (O2, NO2) [67,68] and 
reducing gases (H2, CO, NH3, H2S) [69-72]. Depending on the target gas, the 
reaction can be displayed via the increased (oxidizing gas) or decreased 
(reducing gas) resistance of the material. 

For several decades, studies have shown the importance of the structural 
properties of TiO2 in determining hydrogen sensing properties. Hydrogen 
sensing properties consisting of TiO2 nanostructures made by different 
methods are summarized in Table 6. The role of structural properties can 
simply be confirmed by comparing the sensing properties of various 
nanostructures. According to earlier studies [73-75], compact TiO2 layers 
certainly exhibited lower hydrogen sensing properties than nanostructured 
ones. Jun et al. [74] reported that thermally oxidized TiO2 at 900°C formed 
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porous structures and showed better sensitivity in the presence of 
hydrogen than a compact layer oxidized at 600°C. 

Table 6: Summary of various hydrogen sensors using TiO2 nanostructures. 

Structure Synthesis Method Catalyst 
Detection 

limit (ppm) 
Operating 

Temperature (°C) 
Ref. 

Thin film Anodization Pt 500 250 [76] 

Thin film Thermal oxidation  10 300 [74] 

Nanotubes Anodization  10 22 [77] 

Porous Anodization  1000 250 [78] 

Nanotubes Anodization Pd, Pt 10 290 [79] 

Nanowire Thermal evaporation Pd 500 100 [80] 

Mesoporous Sol-gel Nb2O5 500 450 [81] 

Nanohelix 
Rotating oblique 
angle deposition 

 1.3 250 [82] 

Nanopowder Sol-gel V2O5 1000 200 [83] 

TiO2 nanotube arrays prepared by anodization have received the most 
significant attention among the other nanostructures for hydrogen sensing 
applications due to its dramatic sensitivity to hydrogen [77,84]. The 
morphological role of TiO2 nanotubes was investigated by comparing 
several of TiO2 nanotube sensors which have different pore diameters. It 
was found that the sensor with the smaller diameter of 22 nm had higher 
sensitivity than the one with 53 nm and 76 nm. In other words, the smaller 
diameter of the tube pores increases surface area which enables more 
hydrogen molecules to adsorb in the oxide surface [84]. Later, it was 
noticed that a more important factor in determining the sensing properties 
is the wall thickness of the pores where hydrogen adsorption mainly takes 
place. Paulose et al. [77] demonstrated hydrogen sensing characterization 
using TiO2 nanotubes with different lengths (350 nm – 2000 nm) and 
similar diameters of pores (30 nm). It was found that the tube length or the 
thickness of the oxide was not directly relevant to high sensitivity. 
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Figure 3: Anodically prepared TiO2 nanotubes on alternative substrates.  
a) Self-organized TiO2 nanotubes on glass substrate: Stages in the 
fabrication of nanotubes (Ti deposited sample, sample taken out of the bath 
in the middle of anodization and sample after heat treatment, respectively). 
Reprinted with permission from [66]. Copyright 2006 Elsevier B.V, 
b) Schematic of sensor to form on a patterned SiO2/Si substrate (left), 
FESEM image of TiO2 nanotube arrays (right), cross sectional image (inset). 
Reprinted with permission from [85]. Copyright ©  2013 American Chemical 
Society 

Despite promising sensing performance, the hydrogen sensor using 
nanotubes is limited for mass production. Typically, a gas sensor using TiO2 
nanotubes is constructed with the metal electrodes deposited on the oxide 
layer. The contacts between the measurement device and these metal 
electrodes are made by external wires using wire-bonding or noble metal 
paste. However, the metal electrodes deposited on the oxide layer or 
nanotubular layer may diffuse through the oxide layer and result in 
electrical short-circuits [86]. Therefore, different approaches for the sensor 
structures have been considered, such as forming the oxide layer on metal 
electrodes. However, TiO2 nanostructures formed on alternative substrates 
usually showed inferior gas sensing properties. Mor et al. [87] 
demonstrated a hydrogen gas sensor of TiO2 nanotubes on glass with 
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discontinuous Pd. Despite the support of the Pd catalyst, the resistance 
change of the sensor was significantly smaller than that made from Ti foil 
[84,87]. Recently, Kim et al. reported TiO2 nanotube arrays on SiO2/Si 
substrate with 5 µm gap–Pt electrodes patterned by photolithography as 
shown in the schematic of the sensor seen in Figure 3 [85]. By applying a 
voltage to the Pt electrodes, the Ti layer was completely anodized in 
ethylene glycol solution with 0.3 wt. % of NH4F and 3 vol % of water and 
formed highly ordered tubular structures. Kimura et al. [88] demonstrated 
a micro-scaled gas sensor of TiO2 nanotubes by a localized anodization 
method that used Ti layers deposited on a SiO2/Si substrate as electrodes. 
Their result showed that reducing the thickness of oxide and the sensor size 
as well as thinning the wall thickness of the tubes increased the gas sensing 
properties. These reviewed works have attempted to prepare an anodic 
TiO2 layer and to form particular nanostructures by varying experimental 
parameters or modifying the sensor geometry. However, despite all of this 
research, there still remain challenges regarding the mass production of the 
sensor, improvements of gas sensing abilities, such as selectivity. 

2.7 Hydrogen sensing mechanism of metal oxide gas 
sensors  

The sensor signal of metal oxide sensors is based on the resistance changes 
created in the sensing material. In spite of this simple operation principle, 
interdisciplinary knowledge including semiconductor physics, surface 
chemistry, solid-state chemistry, and micro-electronics are required to 
understand the characteristics of metal oxide gas sensors. Like other metal 
oxides, such as SnO2, the gas sensing properties of TiO2 based sensors can 
be elucidated by the receptor and the transducer function. The receptor 
function is the reaction of each crystal of metal oxide to the ambient 
atmosphere and the target gases [89]. The transducer function represents 
how the chemical or physical signal of the sensing materials transduces into 
an output signal. The transducer function can sufficiently be varied by the 
different microstructures of the metal oxides.  

In ambient atmosphere, oxygen molecules are adsorbed on the metal oxide 
surface and act as electron acceptors. The types of adsorbed oxygen species 
are governed by the sensor temperature by forming O2

– ions below 150°C 
or O– ions between 150–400°C, which are the typical operating 
temperatures of metal oxide sensors, and O2– ions are formed above 600°C 
[90]. The change of electrical properties is resulted from the reaction of the 
chemisorbed oxygen ions with the target gases. The oxygen molecules 
adsorb on the oxide surface electrons (e) extracted from conduction band 
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(EC), which reach the surface through an electric field. They are then 
trapped at the surface. This process as described in Figure 4 leads to 
upward band bending (qVs=eVs) and creates a depletion layer or a space 
charge layer (Ʌair). Ʌair is dependent on Debye length (LD), which is a 
characteristic of the semiconductor material for a particular donor 
concentration [91-93].  

   √
   

   
 (1) 

where k, T, q, ԑ and n represent the Boltzmann constant, absolute 
temperature, electron charge, permittivity and charge-carrier concentration. 

 

 

Figure 4: Band bending model in a wide band gap semiconductor after 
chemisorption of charged species by oxygen adsorption on surface sites. EC, 
EV, and EF, denote the energy of the conduction band, valence band, and the 
Fermi level, respectively, while Ʌair denotes the thickness of the space-
charge layer, and eVs the potential barrier. The conducting electrons are 
represented by e- and + represents the donor sites. Reprinted with 
permission from [94]. Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim  

It is thought that reducing gases, such as H2 react with the chemisorbed 
oxygen ions via forming H2O. This process releases electrons, which then 
return to the conduction, leading to the decrease of the upward band 
bending described in Figure 4 [95]. The impact of the microstructures of 
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metal oxides is related to the band bending and conduction. The creation of 
the conduction takes place along percolation paths via a grain boundary or a 
neck grain boundary in the case of a porous thick layer, and surface in the 
case of a compact thin film [96]. Thus, depending on the metal oxides 
structures used for gas sensing applications, different interactions with 
target gases are induced. The conductance (G) depends on the potential 
barrier (qVs=eVs) between the adjacent grains of the metal oxide, which can 
be described as  

          
   

  
  (2)  

 

Figure 5: Geometry and band bending diagram of a compact and porous 
sensing layer. xg grain size, LD Debye length, eVs band bending, z0 thickness 
of the depleted surface layer and zg layer thickness. Reprinted with 
permission from [10] Copyright © 2001 Elsevier Science B.V. 

The microstructural geometry and the band bending of compact and 
porous structures in the presence of a target gas are described in Figure 5. 
The reaction of the oxide layer to the target gas takes place only on the 
metal oxide surface due to the geometry of the compact layer (Figure 5a). 
This can create a gas-affected layer and a gas-unaffected layer, resulting in 
two parallel resistances. Thus, the thickness of the oxide plays an important 
role in influencing the gas sensing properties. In the case of a porous 
structure, the current flows through interconnected contacts and each grain 
has a depletion layer (Figure 5b). Thus, porous structures enable the gas 
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species to access a larger reaction area of the metal oxide. This leads to a 
gas sensor consisting of a porous metal oxide having higher sensitivity than 
that consisting of a compact layer.  

Anodically prepared TiO2 layers are essentially porous or tubular 
structures, which are connected by the necks or walls of pores. In the 
presence of oxygen, an electron depletion region is formed in the pore wall 
surface where oxygen chemisorption occurs. The wall thickness of pores is 
an important factor in influencing the resistance change on the oxide 
surface. Hence, it is important to control the geometrical parameters, such 
as pore diameter, wall thickness and the thickness of the oxide layer. The 
relation of pore wall thickness and band bending is illustrated in Figure 6. 

 

Figure 6: The influence of nanotube wall thickness on band bending due to 
oxygen chemisorption: (a) when nanotube wall half-thickness (t/2) >> LD, 
(b) t/2 ≈ LD, and (c) t/2 ≤ LD. (d) schematic illustration of pores, top view. 
Reprinted with permission from [77] Copyright 2015 IOP Publishing Ltd.  

A catalyst is defined as a substance that promotes the speed of a chemical 
reaction without changing itself. In metal oxide gas sensors, various 
catalytic materials, such as Pd, Pt and Au, have been used to promote the 
reaction of the sensor to a target gas. Catalytic effect can be created by a 
thin layer deposited on an oxide layer or electrodes, which create electrical 
contacts between the oxide layer and the device in order to measure the 
resistance. The catalytic effect can be explained by two concepts: electrical 
and chemical. The electrical concept can be elucidated when the catalytic 
material attracts electrons from the oxide crystals. This can be observed as 
increased resistance. Many catalytic materials (PdO, Ag2O and CuO) are p-
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type semiconductors [97]. By loading catalysts on the oxide surface, the 
work function of the oxide can be significantly increased. Therefore, when 
the sensor is exposed to a target gas, the catalyst is reduced, which results 
in the decrease of the work function. This phenomenon has also been 
demonstrated in a porous TiO2 layer with Pd electrodes [98,99]. 

Chemisorbed oxygen species formed on a Pd surface at an elevated 
temperature ranging from 200 – 600°C leads to an increase in the work 
function of Pd. This also increases the barrier height at the interface of Pd 
and TiO2, resulting in high resistance. In the presence of a reducing gas, such 
as hydrogen, the chemisorbed oxygen on the Pd surface reacts with 
hydrogen. This removal of oxygen lowers barrier height, displaying a 
decrease of resistance. The chemical concept proposes that a deposited 
catalyst promotes the dissociation of hydrogen molecules, which spill over 
onto the oxide surface [15,100,101]. The hydrogen molecules adsorbed on 
the catalyst produce a Pd hydride, which reacts with ionic oxygen. This 
process releases the electrons back to the oxide surface, resulting in a 
decrease of the potential barrier and resistance. The effect of a thin Pd layer 
on a TiO2 layer was demonstrated in Publication IV. 

2.8 Anodic oxidation of titanium 

Anodization has commonly been used to decorate the surface of some 
metals to enhance its surface properties, because uniform and adhesive 
oxide layers on metals can be produced cost-effectively [102,103]. By 
varying chemical or electrical parameters during anodization, it is feasible 
to produce a compact or a porous structured oxide layer that creates 
insulating or semi-conductive properties on metals or semiconductors 
[104]. By using anodization, a Ti surface can be covered with an oxide layer 
in an acid electrolyte involving field-assisted migration of metal (Ti4+) ions 
through the oxide layer. This process induces the reduction of the current 
density during the anodization. While the oxide layer is growing, gas 
generation (O2 and H2) is generally observed. In 1999, Zwilling and 
coworkers [5] initially reported anodization using Ti and its alloys (TA6V) 
that formed a compact oxide layer in an electrolyte containing chromium 
acid and a nanoporous oxide structure in HF/chromium acidic electrolyte. 
Grimes et al. accomplished a significant contribution on the anodization of 
Ti by discovering a nanotubular structure prepared in an aqueous 
electrolyte containing HF [6]. Based on relevant studies, it has been found 
that the morphologies of anodic TiO2 can be controlled by varying 
experimental parameters including the voltage, the electrolyte and the 
anodization time. To date, the anodic TiO2 layer can ultimately be grown in 
thicknesses ranging from few hundreds of nanometers to approximately 
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1000 µm and pore diameters ranging from 10 to hundreds nanometers 
[105,106]. 

2.9 Evolution of anodic TiO2 nanostructures 

The majority of the research on the anodic TiO2 layer has focused on tubular 
structures and their applications. The evolution of the materials and the 
modifications has been categorized as four generations depending on the 
morphological structures of the oxide in different electrolytes (1st –3rd 
generation) and base substrates (4th generation). 

2.9.1 First generation 

The first generation of TiO2 nanotubes, which was prepared in aqueous HF 
or its mixture electrolyte using Ti foil, were grown with tube lengths up to 
500 nm by varying the electrolyte concentration [5,6]. Also, the anodization 
bath temperature is an important experimental parameter that influences 
chemical dissolution rates and etching rates during anodic oxidation [107]. 
In this work, anodization at different bath temperatures (5°C, 25°C, 35°C 
and 50°C) in an electrolyte containing acetic acid and HF (1 : 7 ratio) 
showed that the decrease of bath temperature increases wall thicknesses 
and tube lengths. 

2.9.2 Second generation 

Increasing the number of attempts to grow TiO2 tubes with high–aspect 
ratio (tube length/tube diameter) by anodization in electrolytes containing 
HF, it was found that the thickness of the TiO2 layer was limited up to 
several hundred nanometers by the fast rate of TiO2 dissolution. Several μm 
long nanotubes, as called second generation materials, were grown in 
neutral electrolytes containing KF or NaF [108]. The morphologies of tubes 
were modified by varying the pH of the electrolyte [108,109]. It was found 
that the increase of pH resulted in longer nanotubes.  

2.9.3 Third generation 

The usage of various organic electrolytes, such as formamide, dimethyl 
sulfoxide, and ethylene glycol can increase tube lengths forming smooth 
tube walls [110,111] as seen in Figure 7. During anodization in non-aqueous 
electrolytes, a low current density and low etching rate of the oxide layer 
were observed. These are responsible for the formation of a thinner initial 
oxide layer on Ti than that in an aqueous electrolyte. The thin oxide layers 
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incorporate high ionic conductivity and low Ti oxidation rate, resulting in 
substantial increases in nanotube lengths [110]. Using organic electrolytes, 
a thick oxide layer up to thickness of 1000 μm was grown successfully, and 
the oxide layer could be separated from the Ti base substrate [110]. 

 

Figure 7: FESEM images of TiO2 nanotube arrays grown in various organic 
electrolytes. a, b) Formamide based electrolyte at 35 V for 48 h; c, d) 60 V in 
a DMSO electrolyte containing 2% HF for 70 h; e, f) 60 V in an ethylene 
glycol electrolyte containing 0.25 wt. % NH4F for 17 h, Reprinted with 
permission from [111]. Copyright 2015 IOP Publishing Ltd., g) cross 
sectional image of oxide membrane obtained from 2 mm Ti foil at 60 V for 
216 h in 0.5 wt. % NH4F and 3.0% water in ethylene glycol. Reprinted with 
permission from [106]. Copyright 2007 American Chemical Society. 

2.9.4 Fourth generation: Anodization of Ti deposited on 
alternative substrates 

TiO2 nanostructural layers can easily be grown by the anodization of a Ti 
foil. However, the structure of the Ti foil underneath the oxide layer is not 
optimal considering its usage in electronic applications due to following 
reasons [87]: As mentioned earlier in section 2.5, an electrical short-circuit 
can possibly be caused by the metal (Pt or Pd) electrodes deposited on the 
oxide layer. The contact between the oxide layer and the electric device, 
which is typically made by wire-bonding, can be broken by mechanical 
shock or vibration [85,87]. Finally, Ti is not suitable to use in micro sized 
devices due to its difficulty of reducing material size. Therefore, the 
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formation of a TiO2 layer on alternative substrates is required and some 
effort has been made on using Si, SiO2, Al2O3, glass [86] and In2O3 [112,113] 
substrates. However, it is still challenging to form uniform TiO2 
nanostructures on these alternative substrates. The Ti layer deposited on 
the substrate can be damaged during the anodization. For instance, if the 
anodization parameters are not optimized, a significant loss of the 
deposited Ti layer may occur at the interface between the electrolyte and 
air where intense etching occurs [86].   

Also, the deposited Ti layer may not be oxidized completely due to an 
irregular electric potential on the Ti layer. Some research groups have 
attempted to overcome the challenges of preparing TiO2 nanostructures on 
the alternative substrates. Macak and co-workers [114] achieved TiO2 
nanotubular layers with a thickness of 500 nm on a Si wafer using a 
H2SO4/HF mixed electrolyte at a low temperature (–2°C). This work clearly 
showed that a low bath temperature is advantageous in preparing regular 
tubular structures on the wafer, as irregular morphology was found from 
the sample anodized at 20°C. Mor et al. [86] used a double Ti layer on the 
interface region and indicated that the deposition needs to be done at a high 
temperature (500°C). The high deposition temperature improves the 
density of the Ti layer and the adhesion between Ti layer and the base 
substrate [112,115,116]. 

2.10 Growth model of anodic TiO2 nanostructures 

Ti is a good candidate to form self-organized oxide structures, such as 
porous and tubular structures, by anodization [66]. Theories about how to 
understand the growth of anodic TiO2 nanostructures have been brought 
from Al anodization, which has been used to grow alumina (Al2O3) [117-
119]. For the last decade, the comprehensive studies on the Ti anodization 
mechanism have been accomplished [120,121]. These studies showed that 
the fluorine ion in the electrolyte is an important factor for the formation of 
the oxide structure. The formation mechanism of porous and tubular TiO2 in 
the electrolyte with/without fluoride ions is described in Figure 8. In both 
cases, the anodization process is explained by two competitive reactions; 
(Eq. 3) field-assisted anodic oxide formation and (Eq. 4) chemical 
dissolution of the oxide. 

                   - (3) 

                 
        (4) 
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Figure 8: Schematic representation of Ti anodization. (a) in absence of 
fluorides (results in flat layers), and (b) in the presence of fluorides (results 
in the tube). Reprinted with permission from [120]. Copyright 2007 Elsevier 
Ltd., (c) current-time plot of anodization using fluoride ion free (----) and 
fluoride ion containing ( ) electrolyte. Reprinted with permission from 
[121] Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  

In case of the fluoride free electrolyte, the formation of the oxide layer 
starts, when Ti reacts with O2- ions in H2O (Eq. 3) as  in Figure 8a. The oxide 
growth continues by field-assisted ion transport (O2- and Ti4+ ions) through 
the growing oxide layer. During this process, the field effect EF = U/t with a 
constant voltage U decreases drastically during the oxide growth, which 
leads to the decrease of the driving force, until the field effect is diminished 
and thickness of the oxide layer reaches the finite thickness [121].  
 The fluorides in the electrolyte play an important role in the formation of 
either a porous or tubular structure. If the fluoride concentration is low (≤ 
0.05 wt. %), anodization forms a compact oxide layer like in fluoride-free 
anodization. If fluoride concentration is high (≥ 1 wt. %), oxide is no longer 
obtained on the metal surface because the fluoride ions react with Ti4+ 
forming soluble [TiF6]2- ions, which may cause electro-polishing [121,122]. 

The formation of porous/tubular structures in fluoride ion containing 
electrolytes has often been described using a current-time curve [121] that 
is divided in three phases. First, an oxide layer grows at the interface of 
metal/electrolyte by the reaction of metal Ti with O2- and OH-. If anodization 
is stopped at this stage, a compact oxide layer can be obtained. Next, 
nanoscaled pores start forming on the oxide surface and a sharp increase of 
current is observed. This results from the localized dissolution of the oxide 
(Eq. 3). These pores form all over the oxide surface, leading to the current 
increase. Last, the current decreases slowly because the depth of the porous 
structure increases and the growth rate of the oxide at the metal/oxide 
interface becomes equal to that of the oxide dissolution at the pore 
bottom/electrolyte interface. 
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Chapter 3 

Aims of the thesis 

The main purpose of this work is to develop a highly sensitive hydrogen gas 
sensor using anodically prepared TiO2 nanostructures. This sensor can be 
integrated with microelectronic systems and be mass-produced. In order to 
develop such a sensor, anodization was used to prepare a nanostructured 
TiO2 layer. 
 
 Publication I investigated the relation of the morphological and color 
properties of TiO2 layers prepared by the anodization of Ti foil in an 
aqueous electrolyte. Anodization is a known method for coloring metal 
surfaces. Therefore, knowledge of the coloration of Ti during anodization 
can be utilized to identify the morphological structure of the oxide layer. 
 
In Publication II, a hydrogen sensor was fabricated using TiO2 nanotubes 
prepared in the same manner as in Publication I. The sensor was tested 
with various hydrogen concentrations at room temperature. Despite of the 
appreciable performance of the sensor in detecting hydrogen, the sensor 
based on Ti foil showed some clear drawbacks that encouraged developing 
a gas sensor based on anodic TiO2 nanostructures on alternative substrates. 

 
The anodization of a Ti layer on a semiconducting or an insulating 

substrate requires different experimental parameters than that of Ti foil. 
This method enables the sensor to be reduced in size and to be integrated 
into micro-electronic system. Thus, Publication III and Publication IV 
demonstrated hydrogen gas sensors using TiO2 nanostructures. 

 
In Publication III, mesoporous TiO2 on a Si wafer was prepared and was 

used for hydrogen gas sensing. As the most compatible substrate for micro-
electric system, the Si wafer was selected as the base substrate to form TiO2.  
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In Publication IV, a hydrogen sensor was prepared by using a Pd decorated 

TiO2 tubular layer on an insulating substrate, thermally oxidized silicon 
(SiO2/Si). Typically the electrode structures, which are made by wire 
bonding, can be broken by physical disturbances, such as vibration. In order 
to develop a reliable gas sensor, metal electrodes were patterned under the 
oxide layer. By using this method, it is also possible to produce multiple 
sensor elements via a single anodization process and to reduce sensor size. 
A thin Pd layer as a catalyst was decorated on the oxide layer to improve the 
sensing properties. 
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Chapter 4 

Materials and methods 

4.1. Anodization set-up (Publication I–IV) 

The anodic oxidation set-up in this thesis consists of a conventional two 
electrode configuration with a platinum foil as a counter electrode as seen 
in Figure 9. The anodization apparatus includes a beaker made of Teflon, 
two sample holders, a thermometer and a refrigerated circulator (Neslab 
Instruments, Inc., Newington, NH). Depending on the purpose of the studies, 
different anode electrodes (Ti foil and deposited Ti layer) are used. The 
details of the anode electrode preparation are described in section 5. 
The voltage was applied using a power supply (GW, GPG-3030, US). The 
current during anodization was recorded with a precision multimeter 
(Fluke 8846A 6.5 digit precision multimeter, Fluke UK Ltd, Norwich, UK). 
 

 

Figure 9: Image of the anodization apparatus. 
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4.2. Heat treatment for crystallization  
(Publication II – IV) 

Prior to sensor preparation, the as-anodized TiO2 was annealed at 500°C 
with a heating/cooling rate of 1°C/min by a multi-stage programmable 
electric furnace (Vulcan, 3-130 Furnace, US) in ambient atmosphere for 
crystal phase transition. 

4.3 Gas sensor preparation (Publication II – IV) 

This study presents different sensors using anodic TiO2 nanostructures on 
different base substrates including metal Ti foil, Si and SiO2/Si. After heat 
treatment, the substrates (Ti, Si, SiO2/Si), which were cut to compatible size 
(5 mm × 10 mm) were fixed on an alumina substrate (20 mm × 10 mm) 
using a silicon glue. Then, copper (Cu) or gold (Au) wires were adhesively 
bonded to metal electrodes using a silver (Ag) paste (Conductive epoxy 
CW2400, Chemtronics, USA) in order to create electrical contacts. 

4.4 Characterization 

4.4.1 Field Emission scanning electron microscope  
(FESEM, Publication I – IV) 

Morphology and cross sectional observations of the samples were carried 
out by field emission scanning electron microscopy (FESEM, Hitachi S-4800, 
Tokyo, Japan). Cross sectional images in Publication I and II were taken by 
bending or scratching samples. A FESEM sample holder for cross sections 
was used for the TiO2 layers formed on Si and the thermally oxidized silicon 
substrate in Publication III and IV. Prior to FESEM analysis for cross 
sectional images, the Si and SiO2/Si substrates were mechanically cracked. 

4.4.2 Spectrophotometer (Publication I)  

The optical properties of the TiO2 layer on metal Ti foil were characterized 
using a spectrophotometer (Konica Minolta Sensing Inc., CM-700d, Japan). 
The device provides information on reflectance spectra within the visible 
wavelength (400 – 700 nm). The interference color of the samples was 
estimated in the CIElab color scale using a D65 light source.  
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4.4.3 Energy-dispersive X-ray spectroscopy (EDX, 
Publication III and IV) 

An energy-dispersive X-ray spectroscopy (EDX) equipped to FESEM was 
used to analyze material elements. 

4.4.4 X-ray diffraction (XRD, Publication I, III and V) 

X-ray diffraction was used to identify the crystalline structure of the 
material. The crystal structure in this study was characterized by XRD 
(Philips X’Pert Pro MPD X-raypowder diffractometer, Netherland) using 
CuKα radiation over a 2θ range of 20–65°. 

4.4.5 Current-Voltage characterization (Publication III and 
IV) 

 The resistance between the metal electrodes (Pt or Au) was detected by 
making direct needle contacts to the Pt electrodes with a needle probe 
station (Rucker & Kolls 666). The current–voltage characteristics were 
measured by a semiconductor parameter analyzer (Hewlett Packard 
HP4145B) 

4.4.6 Gas sensing measurement (Publication II, III and IV) 

The gas sensor measurements in this thesis were carried out using three 
set-ups. These set-ups were changed and developed during the progress of 
the sensor development process.  

The first measurement in Publication II, which dealt with a sensor 
consisting of TiO2 nanotubes prepared from Ti foil, was implemented in a 
56 liter glass chamber at room temperature. An exact volume of hydrogen 
was injected into the chamber using a syringe. Two fans were installed to 
circulate the air in the chamber. 

In Publication III, the sensor was placed on an aluminum block, where a 
ceramic heater (15 mm × 15 mm, Ultramic 600, Watlow) was placed to 
control operation temperature. A thermocouple was attached to the 
aluminum to observe the sensor temperature (Figure 10a). A precision 
multi-meter (Keithley 6487 Picoammeter Voltage Source, Keithley 
Instruments Inc., OH, USA) was used to record the resistance of the sensor 
with the applied DC voltage of 5 V. This sensor module was installed in a 56 
liter closed glass chamber with continuous air circulation.  
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Figure 10: Images of the gas sensing measurement system: (a) gas sensor 
module, (b) gas sensing measurement chamber and recording devices 
consisting of a computer to record data from the precision multi-meter. 

 

Figure 11: Image of the gas sensor measurement set-up. 

An exact volume of H2 was injected into the chamber and a commercial H2 
sensor (SX917, Sensorex, Finland) was used to verify the H2 concentration 
during the measurement (Figure 10b).  

In Publication IV, an Al chamber was made with a volume of 75 cm3 to test 
the sensor in different atmospheres. The gas sensor module (Figure 10a) 
was used. Gas mixtures were made from high purity gases controlled by 
mass flow controllers. The total gas flow through the chamber was 1000 
sccm. The gas sensor measurement system is shown in Figure 11. 
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Chapter 5 

Summary of results and discussion 

5.1 Anodization of Ti foil and interference colors of 
TiO2 (Publication I) 

In nature, Ti is covered by a natural thin oxide layer. Like other valve metals, 
when Ti is anodized, oxide growth takes place on the Ti surface via field-
assisted migration of Ti4+ ions through the oxide layer. The morphological 
properties of the oxide depend on the electrochemical parameters of the 
anodization including the current density, the electrolyte concentration and 
the electrolyte temperature [103,123]. The anodization of Ti using 
electrolytes containing fluoride ion enables the forming of porous/tubular 
TiO2 structures.  

Table 7: Morphological parameters of TiO2 nanotube arrays anodized at 

different voltages for 30 min. 

Voltage 
(V) 

Pore diameter 
(nm) 

Wall thickness 
(nm) 

Tube length 
(nm) 

Porosity 
(%) 

7 17 16 134 23 

10 32 10 231 41 

15 45 14 271 51 

20 90 29 340 60 
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Figure 12: The comparison between the growth procedure and the 
interference colors of TiO2 nanotube arrays formed at 20 V a) 1-2 s after 
immersion: Formation of oxide layer on Ti foil, b) 34 s, development of oxide 
layer, c) 66 s: formation of slits and cracks on oxide layer, d) 126 s: 
sequential pore growth, e) 400 s: pore growth completed and remaining 
tubular structure. 
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To study the growth of TiO2 nanotubes, anodization of Ti foil was carried 
out using an aqueous electrolyte containing HF 0.5 wt. % at different 
voltages (7, 10, 15 and 20 V). The FESEM analysis of TiO2 nanotubes 
showed that the tube morphologies including the pore diameter, the tube 
lengths and the wall thickness increased as a function of the applied 
voltages. The estimated porosities of the TiO2 nanotubes increased as a 
function of increased voltages. The summary of the morphologies and the 
porosities is shown in Table 7. 

When white light is illuminated, particular colors can be seen by naked eye 
due to the interference phenomena in the oxide layer on the Ti foil. In order 
to investigate the coloration, a group of TiO2 nanotube samples were 
prepared by varying the anodization time and their morphologies were 
examined by FESEM as seen in Figure 12. The oxide layer formed in the 
initial stage of the anodization was a compact layer with a thickness of 70 
nm (< several seconds) and 90 nm (34 s), displaying a gold hue and a purple 
hue, respectively. Then the oxide layer started forming porous structures on 
the oxide surface. Tubular structures were formed when the oxide thickness 
reached 173 nm displaying light green color. The oxide layer growth 
continued up to 240 nm resulting in a pink hue. 

5.2 Empirical studies for optical properties of anodic 
TiO2 nanotube layers (Publication I) 

The optical properties of thin oxide layers are influenced by grain 
boundaries, voids and disordered regions. These morphological properties 
also influence interference colors. Based on the correlation of optical and 
morphological properties, thus, the empirical knowledge of TiO2 coloration 
is clearly beneficial in understanding oxide structures. 

A spectrophotometer was used to obtain the reflectance spectra. The 
reflectance spectra of the oxide layers prepared at different voltages have a 
broad maximum reflectance within the visible wavelength region as seen in 
Figure 13a. The results indicated that the reflectance decreased when the 
thickness of TiO2 layer increased. The reflectance curves of the sample 
group determined by anodization time in Figure 13b showed that when the 
thickness of the oxide layer became thick enough (> 240 nm), the 
interference effect and the reflectance became weak. This result is in good 
agreement with the study of Al2O3 prepared by anodization, which showed 
the disappearance of interference effect when the oxide layer reached a 
critical thickness [124]. 

The color properties obtained by the spectrophotometer were determined 
by the L*a*b* system, where L*, a* are b* are hue, saturation and degree of 
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lightness, respectively. The pure Ti foil was characterized first as a 
reference. The total color difference (TCD) was estimated as  

    √                     (5)  

 

 

 

Figure 13: Optical reflectance spectra of TiO2 nanotube arrays prepared a) 
at different voltages, b) varying anodization time with a constant voltage 
(20V). 
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The anodization parameters, the oxide thicknesses and color properties 
are summarized in Table 8. These results indicate that the samples 
anodized less than 1 min showed high TCD values. In the other hands, it 
indicates that the compact layers have a greater coloration effect than 
porous layers on Ti foil as the sample anodized for longer time showed a 
lower TCD value. 

The phenomenon causing the interference colors has been explained by 
the multiple-beam interference theory [102]. When the oxide surface is 
illuminated with white light, an interference phenomenon occurs. In the 
case of the anodization of Ti foil, the coloration is therefore mainly 
dependent on the thickness of the oxide layer, while the surface structures 
influence the lightness. According to the results of this study, the coloration 
can be used as an indication of the morphological structures and to predict 
the thickness of the oxide structure. 

Table 8: Summary of the chromaticity diagram of TiO2 nanotube arrays 
prepared at different voltages. 

 
  

Sample 
Time 

(s) 

Voltage 

(V) 

Thickness 

(nm) 
L a* b* TCD (D65) 

Ti  - - 60.66 1.47 5.24 - 

(a) 1800 7 134 61.29 -5.41 -2.51 10.54 

(b) 1800 10 231 61.80 0.02 22.39 17.27 

(c) 1800 15 271 54.46 -4.00 4.53 8.46 

(d) 1800 20 340 57.27 1.89 8.43 4.66 

(e) 1 20 73 39.28 9.62 25.98 30.82 

(f) 34 20 91 29.32 14.82 -21.64 43.32 

(g) 66 20 113 51.42 -6.82 -14.92 23.76 

(h) 126 20 173 58.57 -6.51 8.19 8.99 

(i) 400 20 240 52.05 2.70 2.35 9.14 
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5.3 Porous TiO2 layer prepared on Si substrate 
(Publication III) 

In order for anodization using alternative substrates, such as Si, it is 
crucially important to control the concentration of the electrolyte. In many 
cases, anodizations to form TiO2 contain F- ions that have a considerably 
high chemical dissolution rate [114,125]. This type of electrolyte may 
damage the oxide layer or the base substrate if special attention is not paid. 
In the case of a thin Ti layer (<100 nm) deposited on Si, the anodization 
ends in few tens of seconds. Thus, the oxide structures do not fully form into 
porous or tubular structures due to the short anodization time [126]. In 
order to lower the dissolution rate, Macak et al. [127] pointed out that a low 
anodization bath temperature below 5°C can be a key to synthesize tubular 
structures. In addition, the usage of a neutral electrolyte containing 1M 
(NH4)2SO4 and 0.5 wt. % NH4F was suggested to reduce the dissolution rate. 
 

 

Figure 14: FESEM images of Ti and TiO2 layers on Si substrate: (a) Ti layer 
deposited on Si, (b) top view of a mesoporous TiO2 layer on Si after 
anodization in HF 0.5% in DI water; inset is with high magnification, (c) 
cross-sectional image of a TiO2 layer, (d) top image of a TiO2 layer anodized 
for 10 min; inset shows partially porous silicon formation. 
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The crucial parameters in this study were Ti deposition temperature and 

anodization time. At the start of this experiment, the sample in the sputter 
could be heated up to 200°C, which is lower than the optimal temperature 
previously reported [87]. Therefore, the Ti layer was deposited at 150°C on 
the Si substrate. This process improved the adhesion of the Ti layer on the 
Si substrate [115]. The sample was anodized an aqueous electrolyte 
containing hydrofluoric acid (HF) 0.5 vol.% in DI water for 5 min at room 
temperature. FESEM images in Figure 14 show the deposited Ti layer (a), 
which has grain diameters of 10-25 nm and the anodized TiO2 (b, c) with 
grain diameters of 20 – 40 nm and a thickness of 470 nm. The long 
anodization time caused the dissolution of the TiO2 and the formation of 
porous Si as seen Figure 14d. It can be assumed that the electrolyte reaches 
the interface between the Ti layer and the Si surface and starts dissolving 
the Si [127]. Furthermore, the time when to remove the sample from the 
anodization bath needs to be carefully considered. 

5.4 Tubular TiO2 layer prepared on metal electrode 
patterned SiO2/Si (Publication IV) 

TiO2 nanostructures have been prepared by anodization on various 
substrates including glass, silicon and alumina [85,86,114]. Essentially, 
SiO2/Si is a good base substrate due to its compatibility for microelectronic 
applications and feasibility to reduce the device size. However, the 
anodization of Ti on alternative substrates has suffered from substantial 
TiO2 loss by chemical dissolution [128]. Several approaches have been 
reported, such as low temperature anodization, double Ti layer deposition 
and high Ti deposition temperature [85,86,114].  
 

 

Figure 15: Schematic of the sensor fabrication procedure. 
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In Publication IV, anodically formed tubular TiO2 structures were prepared 
on a SiO2/Si slice with patterned metal electrodes. The sample preparation 
is schematically described in Figure 15.  

High quality Ti (thickness of 500 nm) was deposited on a SiO2/Si substrate 
patterned with metal electrodes (Al/Au) by a DC magnetron sputter. 
Anodization was carried out in organic electrolyte containing 0.3 wt. % 
NH4F in ethylene glycol for 40 min at 5°C. The applied potential was 60 V 
with 1 V/s ramp rate. This experimental arrangement was chosen after a 
series of experiments with various parameters, such as the bath 
temperature (5-20°C), the applied voltage (20-60V) and the electrolyte 
concentration.  

The obtained TiO2 layer had a thickness of 350 nm, an average pore 
diameter of 40 nm and an average wall thickness of 15 nm (Figure 16). 
After the anodization, a thin Pd layer (2 nm) as a catalytic material was 
deposited to enhance the hydrogen adsorption/desorption effect. EDS 
analysis confirmed the existence of the TiO2 and Pd layers on the metal 
electrodes and SiO2 layer. 
 

  

Figure 16: FESEM image of tubular TiO2 structures obtained from the 
anodization of a Ti layer on a SiO2/Si substrate in an electrolyte containing 
NH4F 0.3 wt. % in ethylene glycol at 5˚C. 
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5.5 Crystalline structures of anodic TiO2 (Publication 
I, III and IV) 

The crystallinity of TiO2 plays a significant role in determining its usage in 
different applications. The as-anodized TiO2 layer is typically observed to be 
amorphous. The crystallinity of the TiO2 can be converted from amorphous 
to anatase or rutile by annealing at an elevated temperature in an ambient 
atmosphere [56]. The as-anodized TiO2 prepared by varying the anodization 
parameters can have compact, porous or tubular structures. X-ray 
diffraction patterns from the samples anodized in aqueous HF electrolyte 
are proven to be amorphous as seen in Figure 17. Interestingly, some 
studies have reported that a mixture of amorphous and anatase was 
observed in an as-anodized TiO2 layer [120]. For instance, Yoriya et al. [129] 
demonstrated that as-anodized TiO2, which were anodized in diethylene 
glycol electrolytes containing 0.5 wt. % NH4F and 2% H2O, showed the 
anatase peak as a proof of partial crystallization of the oxide layer without 
any heat treatment. 

 

Figure 17: XRD patterns of as prepared TiO2 layers by anodization of Ti foil 
in an electrolyte containing HF at different applied voltages (a) 7 V, (b) 10 V, 
(c) 15 V and (d) 20 V. T represents titanium.  
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The XRD patterns of TiO2 nanotube arrays are shown in Figure 18, after 
annealing the samples at different temperatures (300-700°C). It can be seen 
that the crystallization takes place at 300°C. The phase transition from 
anatase to rutile was observed at the annealing temperature of 500°C. The 
anatase phase almost disappeared at 600°C and 700°C. In the case of the 
anodization of a Ti thin layer on an alternative substrate, such as SiO2/Si, 
only the anatase phase exists at 500°C, as seen in Figure 19. This result is in 
contrast with the XRD patterns of TiO2 from Ti foil, which possess a mixture 
of anatase and rutile at the same temperature. It was noted that during the 
anodization of the Ti foil, rutile starts growing at the interface between the 
bottom of the oxide layer and the Ti surface by thermal oxidation. The 
situation at the interface between TiO2 and SiO2 makes the phase transition 
of  anatase phase  to rutile [56,86]. 

 

Figure 18: X-ray diffraction patterns of TiO2 nanotubes annealed at various 
temperatures: (a) without annealing, (b) 300°C, (c) 400°C, (d) 500°C, (e) 
600°C and (f) 700°C for 4 hours in ambient air. A, R and T represent 
anatase, rutile and titanium, respectively. 
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Figure 19: XRD patterns of the TiO2 layer before and after the heat 
treatment at 500°C for 6 hours in ambient atmosphere. 

5.6 Electrical properties (Publication III and IV) 

The current-voltage (IV) characteristics were characterized by measuring 
two point resistances at different temperatures in air as seen in Figure 20. 
The result indicated that the current of both sensors increased with 
increasing temperature. The sensor using mesoporous TiO2 with Pt 
electrodes showed non-ohmic behavior as a result of the different work 
function of Pt and TiO2. This creates a Schottky barrier at their interface 
[130-132].  

 

Figure 20: Current–voltage characteristics of TiO2 layers measured at 
different temperatures (a) mesoporous TiO2 prepared on Si and (b) tubular 
TiO2 prepared on SiO2/Si. 
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Using SiO2/Si substrate, the current is expected to flow only through TiO2 

layer. The resistance measured between metal electrodes under tubular 
TiO2 had clearly higher resistance than that made on a Si substrate and 
showed non-ohmic behavior. The base resistances of the sensors in case of 
pure Si substrate were in the range of GΩ, while in case of SiO2/Si in TΩ. 
This indicated that the current partially flows from Pt metal electrode 
directly through Si, which is less resistive, resulting in lower resistance. 
However, it will be shown in the section 5.7 that the sensor response to H2 
is mainly dominated by the reaction of TiO2 with H2 

5.7 Hydrogen sensing properties 

5.7.1 Hydrogen sensing using TiO2 nanotube arrays formed 
on Ti foil (Publication II) 

Publication II was carried out to demonstrate the sensor using TiO2 
nanotubes on Ti foil. A number of gas sensors using anodic TiO2 
nanostructures, which are mostly prepared from Ti foil, have been studied 
[99,133,134]. These sensors can simply be constructed with having metal 
electrodes deposited on the oxide layer as illustrated in Figure 21. The TiO2 
nanotube samples were prepared in the same manner as in Publication I at 
15 V. After the crystallization of the TiO2 nanotube arrays at 600°C, two Pt 
electrodes (thickness 20 nm, diameter 1 mm, distance 1 mm) were 
deposited using a shadow mask on the oxide layer in order to form the 
electrical contacts. The resistance between the Pt electrodes was about 60 
MΩ in ambient atmosphere. The range of sensor response was from 0.008 
to 4.2 in the presence of hydrogen (0.1 – 4%) as shown in Figure 22.  

The reason for low sensor response is from the conductive Ti metal 
underneath the oxide layer [135]. The base resistance of a Ti foil based 
sensor can vary from several kΩ to several 100 GΩ due to the conductive 
underlying Ti foil and the Schottky diode effect at the interface between 
TiO2 and Pt electrodes [84,133]. This makes the sensor using Ti foil based 
TiO2 difficult to calibrate in practical applications. In addition, the lifespan of 
the sensors may not be satisfactory due to resistance changes caused by the 
diffusion of metal electrodes. This encouraged us to develop more reliable 
sensor structures using anodic TiO2 nanostructures on alternative base 
substrates. 
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Figure 21: Schematic of the sensor using TiO2 nanotube arrays prepared 
from Ti foil. 

 

 

Figure 22: Responses of the sensor using TiO2 nanotube arrays when 
exposed to hydrogen concentrations ranging from 0.1% to 4% in air at room 
temperature. 
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5.7.2 Hydrogen sensor using mesoporous TiO2 on Si 
(publication III) 

The formation of anodic TiO2 nanostructures on a Si slice and its importance 
for microelectronic applications has been reported [114,136]. However, few 
studies have reported gas sensors using anodically prepared TiO2 on Si 
[114,126,137]. 

In this study, a gas sensor using anodically oxidized porous TiO2 on Si 
(Section 5.3) was fabricated for hydrogen detection. Pt electrodes 
(thickness 100 nm, diameter 1.4 mm, and distance 0.4 mm) were deposited 
on a TiO2 layer by DC magnetron sputtering. After the crystallization 
procedure at 500°C, the sensor was then attached on an alumina substrate 
(20 mm × 10 mm × 1 mm). Au wires (25 μm diameter) were connected to 
the Pt electrodes and Cu sheet using Ag paste. The sensor structure is 
schematically illustrated in Figure 23. 

 

 

Figure 23: Schematic drawing of TiO2 sensor on Si substrate. 

The influence of the operating temperatures (50°C, 80°C, 110°C and 140°C) 
to H2 detection was investigated as shown in Figure 24a. The increase of the 
operating temperature decreased the base resistance and reduced the noise 
level. The sensor response as a function of hydrogen concentrations at 
different operating temperature is shown in Figure 24b. The best H2 sensing 
properties were achieved at 140°C with a low noise level and a high 
response. The trend line (red line in Figure 24b) equation of the response 
obtained at 140°C is S=0.4402ln(x)−1.1607, where x is the hydrogen 
concentration (ppm) and the correlation coefficient of R2 is 0.995.  

With this sensor structure, the Schottky barriers are created at the 
interface of Pt and TiO2 after annealing the sensor at 600°C. In this case, 
there are two Schottky diodes reverse biased one against the other and the 
total current may be limited by the saturation current of the first or the 
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second Schottky barrier, depending on the polarity of the applied voltage. 
The response results were obtained from the applied voltage of 0.5 V. 

The variation of sensor resistance at 140°C to different hydrogen 
concentrations is seen in Figure 25a. The sensor resistance after removal of 
hydrogen did not return to the initial resistance. This small difference of the 
resistance is mostly caused by minor changes of the operating temperature.    

The response/recovery times are seen in Figure 25b. The sensor showed 
slow response (30–50 s) at a low hydrogen concentration (≤ 20 ppm) and a 

fast response (< 10 s) above 300 ppm hydrogen. The recovery time showed 
an opposite trend as the recovery time became slow with increasing 
hydrogen concentration. 

 

Figure 24: Hydrogen sensing properties of the TiO2 sensor at different 
operating temperatures: a) Resistance plot upon exposure to 1000 ppm H2 
in air at different operating temperatures, b) Responses obtained at 20–

1000 ppm H2. 
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Figure 25: Hydrogen sensing properties of the TiO2 sensor prepared on a Si 
substrate: (a) Resistance plot of the TiO2 sensor upon exposure to H2 
concentrations from 20 to 1000 ppm in air at 140°C operating temperature, 
(b) Response and recovery time of the TiO2 sensor as a function of H2 
concentration. 



 

47 

5.7.3 Hydrogen sensing measurement using Pd decorated 
tubular TiO2 layer on metal electrodes patterned on 
SiO2/Si substrate (Publication IV) 

In Publication IV, the preparation of a tubular TiO2 layer (tube diameter 40 
nm and thickness 450 nm) on a SiO2/Si slice with patterned metal 
electrodes was demonstrated. This approach enables the sensor to be wire-
bonded to chips in microelectronic devices and to increase the compatibility 
of the sensor with IC technologies. The oxide surface was decorated with a 
catalytic material, Pd, in order to improve the adsorption/desorption of 
hydrogen. For further investigation of the hydrogen sensing mechanism, the 
sensor was tested in different atmospheric environments.  

 

 

Figure 26: Hydrogen sensing properties of the Pd decorated TiO2 sensor to 
10-5050 ppm H2 in dry air at 180°C. (a) Resistance variation and (b) 
response plot.  
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The results of the hydrogen sensing measurement in dry synthetic air at 
180°C indicated that the sensor has a wide hydrogen concentration 
detection range (Figure 26a). Its response followed the power law, S = 
0.102x1.3701, where x is hydrogen concentration (ppm), with good 
correlation (R2= 0.98) (Figure 26b). The response time (≤ 10s) decreased as 
the hydrogen concentration increased. In N2 atmosphere, as the sensor 
resistance is controlled by the accumulation layer, the lower base 
resistances were observed (4 GΩ in N2 and 3 TΩ in air). The response time 
of the sensor in oxygen free atmosphere was similar to that in dry air, while 
the recovery (≥ 30 min) was slow. From Figure 26b, the resistance in H2 
500-5050 ppm started increasing after reaching the minimum value. This 
phenomenon has not clearly been explained yet, although has been 
observed in elsewhere [99,138-140]. The concentrations of adsorbed H2 
molecules are dependent on the oxide surface and the operating 
temperature [141]. Thus, the operating temperature needs to be optimized 
to obtain the maximum adsorption of H2. However, when the sensor is 
operated at non-optimal temperature, the sensor may experience some 
imbalance of adsorption and desorption. When this adverse effect occurs, 
the desorption may be more dominant than adsorption process [142]. 

The Pd layer decorated on the oxide surface played a significant role in 
enhancing the hydrogen sensing properties. The Pd layer either adsorbs or 
dissociates hydrogen molecules, which are spilled over to the oxide layer 
for chemisorption. As seen in Figure 27, the response of the Pd decorated 
TiO2 sensor was about two orders of magnitude higher than the pristine 
TiO2. 

 

Figure 27: Comparison of responses between a pure and Pd doped TiO2 
sensor.  
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Figure 28a shows a resistance variation of the sensor in dry air at different 
relative humidities (dry air, 5, 10 and 20%) to 1000 ppm H2. In general, 
water molecules adsorbed on the oxide surface decreases the sensor 
resistance and may have a negative effect on sensor performance due to 
disturbing the chemisorption of oxygen molecules. By switching the 
atmosphere from dry to humid air (5% RH), the sensor showed a fast 
decrease in sensor resistance. However, the general hydrogen sensing 
properties of the sensor were not significantly influenced in the measured 
RH as shown in Figure 28b. 

 

Figure 28: Hydrogen sensing properties of the Pd decorated TiO2 sensor to 
1000 ppm H2 at 0 – 20% RH in synthetic air at 180°C: (a) the resistance 
variation; (b) the response to 1000 ppm H2. 
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Table 9: Summary of gas sensors using various metal oxides in the 
literature. 

Material Structure Synthesis Method Catalyst 
Detection limit 

(ppm) 
Operating  
Temp (°C) 

Ref. 

SnO2 

Thin film 
Magnetron 
sputtering 

Pd 100 175 [143] 

Nanopore Anodization  9 80 [144] 

ZnO 

Nanofiber Electrospinning  0.1 350 [145] 

Nanofiber Electrospinning 
Graphene 

oxide 
0.1 300 [146] 

In2O3 

Nanotower 
Thermal 

evaporation 
 10 240 [147] 

Nanopowder 
Hydrothermal 

process 
Pt 500 RT [148] 

Fe2O3 Nanotubes 
Thermal 

decomposition 
 10 RT [149] 

WO3 Thin film Sol–gel Pt 100 200 [150] 

VO2 Nanobelts 
Hydrothermal 

process 
 0.17 RT [151] 

Nb2O5 Nanopores Anodization  600 50 [152] 

NiO Thin film RF sputtering  50 350 [153] 

TiO2 

Nanowire 
Thermal 

evaporation 
Pd 500 100 [39] 

Nanotube arrays on 
polymer film 

ALD  100-1000 100 [40] 

Single nanotube Anodization  1000 RT [41] 

Thin film Sol-gel Graphene 5000 75 [154] 

Nanotubes on SiO2/Si Anodization Pd 1-10000 140-180 
Present 

work 

 
In addition, a selectivity test was carried out with CO, CO2, ethanol and 

acetone. The response of the sensor was negligible to those gases. The 
reason for this good selectivity is still not clear. The distinct properties of 
this sensor can be due to the crystalline structure (anatase), the low 
operating temperature and the Pd layer deposited on the oxide layer. The 
tubular TiO2 layer formed on SiO2/Si only consists of anatase. The anatase 
structure of TiO2 is known to be more sensitive to H2 than rutile due to 
higher electron mobilities [69]. Additionally, the great response only to 
hydrogen can be achieved by adding the Pd layer, which promotes high 
hydrogen adsorption. 
 H2 sensors have been developed using various metal oxide materials as 
previously mentioned in section 2.5. For the last decade, studies in this field 
have attempted to improve gas sensing properties, such as sensitivity, 
operating temperature and response/recovery time. The comparison of the 
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recently developed H2 sensors and the sensor in this study is summarized in 
Table 9. It shows that the detection limit of ZnO is less than 1 ppm of H2 at 
300°C. This high sensitivity makes the ZnO sensor possible to be used in 
various hydrogen industries as well as biomedical applications [155]. Some 
metal oxides, such as In2O3, Fe2O3, TiO2, provide the advantage of low 
temperature use (≤ 100°C). Nevertheless, the response and recovery time of 
these sensors are mostly slow (≥ 100 s). The Pd-decorated TiO2 sensor is 
capable of detecting a wide concentration range of hydrogen and has a fast 
response and recovery time at 180°C. However, the high resistance of the 
sensor in ambient air needs to be lowered in future work. 
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Chapter 6 

Conclusions 

The aim of this thesis was to develop a highly sensitive and reliable 
hydrogen sensor using TiO2 nanostructures prepared by anodization. 
Through understanding the relation of the growth process and coloration 
properties of TiO2 nanotubes, it was found that the morphological 
properties of the nanostructures can be identified by the coloration. 
Hydrogen sensors which consisted of nanotubes typically grown on metal 
foil showed incompatibility to microelectronic devices because of the 
underlying Ti foil. 

In order to achieve more compatible gas sensor using an anodic TiO2 layer, 
the anodization of the Ti layer was carried out on alternative substrates. A 
mesoporous TiO2 layer was made on the Si wafer. In some cases porous 
silicon formed on the Si substrate during the anodization and the TiO2 layer 
could dissolve under non-optimized anodization condition. The gas sensor 
using the mesoporous TiO2 could detect hydrogen at low operating 
temperatures (50–140°C). However, in both sensors (on Ti foil and Si) the 
current can partially flow through the conductive base substrates, leading 
to low base resistance and unreliable response to hydrogen. 

Finally, the use of an insulating substrate, SiO2/Si, for the formation of TiO2 
layers enabled the sensor to have a reliable base resistance. Essentially, the 
patterned metal electrodes under the oxide layer were beneficial in 
producing mechanically robust and compatible sensors in microelectronic 
applications. Pd decoration significantly improved the response of the 
sensor in the presence of hydrogen. The sensor showed a wide detection 
range, fast response/recovery time, and good performance in humid 
atmosphere. It was also found that the experimental results and theoretical 
values of the conduction models are in a good agreement, which helps to 
understand the H2 sensing behavior of metal oxide sensors. It is yet 
challenge to decrease the high resistance of the sensor at relatively low 
operating temperature (≤ 200°C) and to make the hydrogen detection of the 
sensor independent from humid atmosphere. 
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Titanium dioxide nanotube arrays were anodised from titanium foils in an aqueous electrolyte solution of
hydrofluoric acid. The formed oxide showed visually different colours owing to light interference in the titanium
dioxide layer. The behaviour of interference colour in anodic titanium dioxide film was investigated by varying
anodisation parameters such as the applied voltage and the anodisation time. The morphologies and the
crystalline phases of anodised samples were studied on a field emission scanning electron microscope and
X-ray diffractometer. The correlation between the interference colour and growth procedure of anodic titanium
dioxide nanotube arrays was studied. The anodic films prepared under different conditions consisted of a
compact oxide film with a nanoporous/tubular structure upon/beneath it. The crystalline phase of the anodic
oxide layer was amorphous. The optical properties of the oxide film were investigated on a spectropho-
tometer. Optical interference could be detected in compact oxide layers when the thickness of the titanium
dioxide was as small as 70 nm. In general, the interferences of the nanoporous/tubular structures were lower
than those for compact structures. The empirical colour properties were estimated by the L*a*b* system. The
relationships between the interference colour of anodic titanium dioxide film and its thickness and
morphology are discussed.

  Coloration
Technology

Society of Dyers and Colourists

Feature article

Editor-in-Chief’s recommendation: Nature does not
need colorants to create vivid coloration in living things.
Rather than relying solely on absorption of light by
pigmentation, She is able to produce striking colours by
manipulating the physical structure of matter. Tiny
surface features interact with light, generating ‘structural
colour’ through interference effects. Feathers, butterfly
wings, and berries are a few examples where appearance
depends on this kind of coloration. Just as technologists
draw inspiration from Nature when developing lighter,
stronger, stickier, and more resilient materials, structural
colour attracts great interest from researchers because it
offers a means of crafting robust and novel effects that
might not otherwise be feasible with conventional
colorants. In this Feature article, the authors present a
fascinating example of structural coloration. They
demonstrate how the colour of titanium foil can be
tuned through the controlled growth of nanoscale features
on its surface. Alterations to the dimensions of these
surface structures generate large changes in hue. It is all
the more remarkable that these structures are made up of
titanium dioxide, a material that is the basis for what is by
far the most industrially important group of white
pigments.

Introduction
Titanium dioxide (TiO2) is an oxide semiconductor with a
large electronic band gap of over 3.0 eV, absorbing light
primarily in the UV region. TiO2 nanostructures have a

wide range of functional applications, for example as
photocatalysts, gas sensors, and dye-sensitised solar cells
[1–3]. TiO2 can be fabricated into different nanostructures
by various methods such as anodisation, electrochemical
lithography, the photoelectrochemical process, the sol–gel
method, hydrothermal synthesis, and DC magnetron sput-
tering [4–11].

Anodic TiO2 nanotube arrays have attracted much
attention owing to their various advantages, such as a
relatively simple fabrication process and some physical/
chemical properties that provide remarkable electron per-
colation pathways for physical charge transfer between
interfaces [12]. The fabrication of TiO2 nanotube arrays via
anodisation was first reported in 2001 [13]. The proposed
growth mechanism explains initial oxidation of titanium
(Ti) during oxide layer formation by anodisation, which
causes the subsequent localised dissolution of TiO2 by
fluorine ions in an electrolyte according to the following
reactions [14]:

Tiþ 2H2O ! TiO2 þ 4Hþ þ 4e� ð1Þ

TiO2 þ 4Hþ þ 6F� ! TiF2�
6 þ 2H2O ð2Þ

The anodically formed oxide layers typically exhibit
various colours that are caused by the interference of light
which is reflected at the outer air/oxide and the inner oxide/
metal interface [15]. Some studies have suggested that the
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interference colours can be utilised in predicting the
thickness of the oxide layer [16–18].

Most recent studies have concentrated on controlling the
nanotube structures, including their pore size, wall thick-
ness, and length, which are controlled by various experi-
mental parameters, such as the applied potential and the
electrolyte composition, as well as the anodisation time and
temperature [19–21]. The tube structures are known to play
an important role in determining optical properties, which
in turn are related to photocatalytic properties, photocon-
version efficiency for the photovoltaic device, and hydrogen
detection capacity [22–24]. The light-absorbing properties
of TiO2 nanotube arrays grown on transparent (glass) and
opaque (metal) substrates have been estimated by an
electromagnetic computational technique known as the
finite difference time domain [25]. Joo et al. [26] used
ellipsometric methods to monitor the anodisation proce-
dure for TiO2 nanotube growth.

In the present study, TiO2 nanotube arrays were prepared
from pure Ti foil in an aqueous electrolyte that contained
fluoride ions. The current density was measured to monitor
the electrical behaviour during anodisation. The surface
structure and the crystalline phase of the TiO2 nanotube
arrays were studied to observe the growth and to understand
its correlation with the interference colour. The optical
properties and interference colours were studied on a
spectrophotometer. The properties of the interference
colourswere estimated using the L*a*b* system as a function
of the applied voltage and the anodisation time.

Experimental
Anodisation was performed as follows: a Ti foil (20 mm 9

20 mm 9 0.1 mm, 99.5%) was used as an anode substrate to
fabricate TiO2 nanotube arrays, and a platinum foil
(20 mm 9 20 mm 9 0.1 mm, 99.98%)was used as a cathode.
The Ti foil was ultrasonicated in deionised (DI) water and
isopropanol and dried in an air stream. All samples were
anodised in an electrolyte containing 0.5 wt% hydrogen
fluoride (HF) in DI at room temperature (22 °C) for 30 min. A
constantvoltage (7,10,15,or20 V)wasapplied, and thecurrent
density was measured on a Fluke 8846 precision multimeter
(Fluke Calibration, USA). After anodisation, the samples were
immediately rinsed with DI water and dried in an air stream.

A specific set of samples were anodised in the same
electrolyte at 20 V for varying times in order to investigate
the interference colour. Each time the surface colour of the
Ti foil changed, anodisation of the sample was stopped for
analysis of the colour properties.

The morphologies of the prepared samples were observed
with an S-4800 field emission scanning electron microscope
(FESEM) (Hitachi, Japan). The crystalline structure of the
obtained sampleswas determined byX-ray-diffraction (XRD)
on an X’Pert Pro MPD X-ray powder diffractometer (Philips)
using CuKa radiation over a 2h range of 20–65°.

A CM-700D spectrophotometer (CM-700d, Konica Minolta
Sensing Inc., Japan) was used for studying the optical
properties of the anodised Ti samples, including reflectance
spectrawithin thevisiblewavelength range (400–700 nm) and
the interference colours of the anodised Ti, which were
estimated by the CIELab colour scale on the spectrophotom-
eter with a D65 light source.
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Results and Discussion
Anodisation of titanium foil at different voltages
Figure 1 shows the current density behaviour of Ti anod-
isation at different voltages (7, 10, 15, and 20 V) in an
electrolyte solution containing HF. The total anodisation
time was 30 min. The current density initially decreased
very sharply on account of the formation of a compact oxide
layer and then entered a steady stage in which the rate of
oxide formation slowed down owing to the thick oxide
layer, and thus the current density was reduced [10]. The
sample anodised at 7 V displayed a higher current density;
this may have been due to the thinner oxide layer formed by
comparison with the other samples. Therefore, the current
density remained higher than in the samples anodised at
higher voltages.

Figure 2 shows surface and cross-sectional FESEM
images of TiO2 films prepared by anodisation at different
voltages (7–20 V). Tubular structures were observed on all
the anodised samples. The top surfaces of the nanotubes
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Figure 1 The current density during Ti anodisation at different
voltages
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were open and the bottoms were closed, as commonly
observed in Ti anodisation, and the tube surfaces had rings
(ripples) on the outer wall, as can be seen in the cross-
section images shown in the inset of Figure 2. The sample
anodised at 7 V showed irregular and tightly intercon-
nected pores. The geometrical features and anodisation
parameters of the samples are summarised in Table 1.
According to these results, the applied voltage seems to play
an important role in influencing the morphology of TiO2

nanotube arrays. The porosity (P) of the oxide film can be
estimated by using the formula:

P ¼ 1� 2pðdpw þ w2Þffiffiffi
3

p
l2

" #
� 100% ð3Þ

where dp, w, and l are the inner pore diameter, the wall
thickness, and the centre-to centre distance between
nanotubes respectively [27]. According to calculations
using Eqn (3), the porosities of the samples anodised at 7,
10, 15, and 20 V were 23, 41, 51, and 60% respectively.

Titanium coloration as a function of anodisation time
The relationship between the anodisation time, morphol-
ogy, and the visual interference colour is summarised in
Figure 3, and its correlation with the formation of TiO2

nanotube arrays is described in Figure 4. The samples
displayed the following interference colours during anod-
isation: gold, purple, blue, light green, and light pink. This
order of the interference colours is in agreement with some
results that have been observed from the anodisation of Ti
and its alloys [16,17]. The order of appearance of the
interference colours has been explained by multiple-beam
interference theory [28].

The oxidation of Ti started as soon as Ti was immersed in
the electrolyte and the voltage was applied. An oxide layer
(about 70 nm thick) (Figure 4a) formed within seconds and
displayed a gold hue. The oxide layer continued to grow
and showed a purple hue at a thickness of 90 nm
(Figure 4b). As anodisation continued, small pores caused

Table 1 The morphology parameters of TiO2 nanotube arrays at
different voltages for 30 min

Voltage,
V

Pore diameter,
nm

Wall thickness,
nm

Tube length,
nm

7 17 16 134
10 32 10 231
15 45 14 271
20 90 29 340
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500 nm
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500 nm250 nm

200 nm 200 nm

13.89 nm

14.85 nm16.80 nm
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16.50 nm
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11.06 nm

46.22 nm 39.90 nm
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Figure 2 Field emission-scanning electron microscope images of the top view and cross-section of TiO2 nanotube arrays anodised at (a) 7 V,
(b) 10 V, (c) 15 V, and (d) 20 V, and (e) the variation in length versus the inner diameter of the TiO2 nanotubes
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by localised dissolution of the oxide emerged on the oxide
layer (110 nm thick), showing a blue interference colour. A
barrier layer could be seen at the bottom (Figure 4c). The

pores spread out over the entire oxide surface and had thin
walls owing to the relatively low ion mobility and relatively
high chemical solubility of the oxide in the electrolyte, as
expected [29]. When the interference colour changed to
light green, the thickness of the TiO2 layer reached 170 nm
and the pores formed particular tubular structures (Fig-
ure 4d). When anodisation was continued, TiO2 nanotubes
formed at a thickness of 240 nm, showing an interference
colour of pink hue with a green shade (Figure 4e). The
development of oxide layer thickness, structures, and
coloration with anodisation time in this study is in good
agreement with the growth procedure of TiO2 nanotube
arrays previously reported [10].

Material crystalline phase
A TiO2 film prepared by anodisation without subsequent
heat treatment is typically amorphous. The XRD patterns in
Figure 5 indicate that all the TiO2 thin films were amor-
phous, as only Ti peaks were observed from all samples.
This result is in agreement with findings previously
reported by Mor et al. [10].

It has been shown that the crystalline phase of
as-prepared TiO2 film formed by Ti anodisation can be
modified by varying experimental parameters such as the
applied potential [30]. For instance, Yoriya et al. [31]
demonstrated that an as-anodised TiO2 layer, synthesised
in DEG + 0.5 wt% NH4F + 2% H2O electrolyte and anodised
at 80 V, showed an anatase peak intensity indicating partial
crystallisation of the oxide film without heat treatment. In
their study, the intensity of the anatase peak increased with
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the NH4F concentration. Diamanti et al. [16] also demon-
strated that an oxide film obtained by anodisation in a
phosphoric acid electrolyte at voltages between 10 and
103 V was amorphous, but anodisation in sulphuric acid
electrolyte at 70 V produced a semi-crystalline oxide
containing anatase or rutile in an amorphous oxide layer.
In their study, the intensity of the anatase reflections
increased with applied voltage. The experiments in the
present study were performed at considerably lower volt-
ages (maximum 20 V) in order to form TiO2 nanotube
arrays in aqueous HF electrolytes, and no indications of
rutile or anatase crystallites were found.

Reflectance and colour properties of the oxide film
The applied voltages and the anodisation times clearly have
an effect on the reflectance spectra of the TiO2 films within
the visible wavelength range, as seen in Figure 6. The
reflectivity depends strongly on the wavelength. In general,
the reflectance spectra of the samples seem to have a broad
maximum located within the visible wavelength region or
outside it [28]. In the case of a very thin oxide film, a rising
curve can be seen.

Samples anodised at low voltages (7 and 10 V) show a
broad reflectance maximum, while for samples anodised at
higher voltages (15 and 20 V) the maximum moved out of
the visible region, lowering the observed reflectance and
saturation. The reflectance generally decreases with
increasing anodisation voltage. Samples anodised at differ-
ent voltages show reflectances oscillating between 15% and
35%. One broad maximum and no distinct minimum were
observed from samples anodised at 7 and 10 V. The
reflectance at higher voltages (15 and 20 V) shows only
one local maximum and minimum value. This result
indicates that the measured reflectance decreases as the
thickness of the film increases.

The samples controlled by anodisation time show a
reflectance oscillating between 4 and 30%. The samples
with a compact film (1 and 34 s) show one single broad
minimum without a distinct maximum. The oscillation
range of the reflectance becomes smaller as the anodisation
time increases. When the oxide film reaches a thickness of
over 240 nm, interference disappears and the reflectance is
smooth, varying between 15% and 18%. Similar results
were observed when growing an oxide layer on aluminium
alloys. When the oxide layer grows to critical thickness, the
interference disappears [32].

The colour of the samples were expressed in the L*a*b*
system, which is based on the colour sensitivity and

perception of human eyes. The parameters a* and b* (hue
and saturation) represent colours, while L* expresses the
degree of lightness, ranging from white to black. In order to
investigate the colour difference between a pure Ti sample
and an anodised sample, the total colour difference (TCD) of
two observations (DE*ab) was calculated by means of the
formula [33]

DE�ab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL�Þ2 þ ðDa�Þ2 þ ðDb�Þ2

q
ð4Þ

The properties of the interference colours of the samples
are summarised in Table 2. The Ti sample showed the
highest lightness and a grey hue. The sample group
controlled by the anodisation voltages have L values
between 54 and 61. Their colours estimated by a* and b*
were uniform on the entire surface of each sample, and
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Figure 6 Optical reflectance spectra of TiO2 nanotube arrays (a)
prepared at different voltages and (b) as a function of anodisation
time and coloration

Table 2 Interference colour properties of anodic TiO2 films prepared at different voltages

Sample Time, s Voltage, V Thickness, nm L a* b* ΔE*ab (D65)

Ti 60.66 1.47 5.24
a 1800 7 134 61.29 �5.41 �2.51 10.54
b 1800 10 231 61.80 0.02 22.39 17.27
c 1800 15 271 54.46 �4.00 4.53 8.46
d 1800 20 340 57.27 1.89 8.43 4.66
e 1 20 73 39.28 9.62 25.98 30.82
f 34 20 91 29.32 14.82 �21.64 43.32
g 66 20 113 51.42 �6.82 �14.92 23.76
h 126 20 173 58.57 �6.51 8.19 8.99
i 400 20 240 52.05 2.70 2.35 9.14
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their TCD value decreased when the anodisation voltage
was increased.

The samples controlled as a function of anodisation time
showed L values between 29 and 58. The lightness of
samples with an oxide layer thickness of over 113 nm was
in almost the same range as that of the previous sample
group. The range of TCD values of these samples was wider
(between 9 and 43) than for the oxide layer anodised for
30 min. The samples known to have a compact oxide layer
had high TCD values, indicating greater interference.

It is known that several factors, including particle size,
porosity, surface texture, chemical composition, and inci-
dent light wavelength, influence the reflectance of the
material [34]. Based on observed results in the present
study, the thickness and morphology of the oxide layer are
dominant factors for the interference colours. Incident light
was partly reflected by specular reflection from samples

consisting of smooth compact oxide layers (samples e and
f). Some influence of surface morphology on interference
colour was observed. The chromaticity diagram in Figure 7
was drawn in order to elucidate the phenomena. The
L*a*b* values of the sample anodised at 20 V for 126 s were
nearly the same as the L*a*b* values of the sample anodised
at 15 V for 30 min, even though the difference in their
oxide layer thicknesses was nearly 100 nm, and the
reflectance spectra differed notably. Liu et al. [34] suggested
that the reflectance of SnO2 nanoparticles prepared by the
sol–gel method was affected by the crystal size, morphol-
ogy, and particle boundary; for instance, reflectance
decreased as particle size increased. This suggestion [34]
is somewhat in keeping with present results indicating that
reflectance decreases with increasing tube diameter (see
Figure 6a).

Conclusions
TiO2 nanotube arrays were prepared from Ti foil by
anodisation in an aqueous electrolyte solution containing
0.5 wt% HF. The morphology of TiO2 nanotube arrays was
influenced by the anodisation voltage (7–20 V), which
increased the diameter and length of the nanotubes. The
surface structure of samples anodised at 20 V was studied
during various stages of anodisation on the basis of
interference colour in relation to anodisation time. Crys-
tallisation of as-anodised samples to anatase or rutile phase
did not occur in the present study. The reflectance spectra
showed that the samples with porous or tubular structures
expressed relatively low reflectance. The results from
studying the colour properties on a spectrophotometer
indicated that the compact TiO2 film showed great colour
difference, while nanoporous/tubular surfaces displayed
high lightness values influenced by their surface structure
and thickness. The interference colour of Ti can be a
means of predicting not only the thickness of the oxide
layer but also its surface structure according to optical
properties.
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ABSTRACT: We report the hydrogen sensing properties of 
a sensor using TiO2 nanotube arrays. The TiO2 nanotube 
arrays were fabricated by anodization on titanium foil, in an 
electrolyte containing 0.5 wt% hydrofluoric acid mixed with 
water, the electric potential being 15V. TiO2 nanotube arrays 
were annealed at 600 Celsius for 1 h. The sensors were 
equipped with platinum electrodes. These two were 
connected with a metal wire using silver paste. The 
measurements of the sensor’s electrical resistance were 
performed in NTP. The hydrogen sensor using TiO2
nanotube arrays shows a linear sensitivity with various 
hydrogen concentrations. After repeating exposure to 
hydrogen at room temperature, the sensor’s resistance 
indicated a stable recovery to its initial resistance. The 
reproducibility of this exam is reliable. 

1 Introduction 

Hydrogen is becoming more important, since hydrogen 
fuel energy has been considered as a renewable resource, 
because it is clean and abundant in the air. So far 
hydrogen has been considered as a dangerous energy 
resource to use, because of the hydrogen explosion risk at
40,000 ppm in the air. Therefore, a safety system is 
required to prevent a leak of hydrogen in hydrogen 
generation, transportation, storage, and use. At the core of 
a hydrogen safety system are hydrogen sensor 
technologies which detect the leak of hydrogen.  

In order to use hydrogen in various applications, a
hydrogen sensor with high competence in sensitivity, 
reducibility and low price is needed. Therefore, many 
sensor technologies such as Schottky junction [1], fiber 
optic [2], catalytic [3], electrochemical [4], field effect 
transistor (FET) [5] and oxide semiconductor [6], have 
been developed. 

Sensors using oxide semiconductor technology have 
been used for a variety of applications and paid 
considerably attention to, because of its diverse 
advantages such as compact size, low cost and low power 
consumption.[7] However, semiconductor sensors need 
an elevated temperature (100 – 500 Celsius) to operate. 
This is a significant factor hindering the 
commercialization of semiconductor sensors, esepecially 
with explosive gases such as hydrogen. Only few studies 
reported metal oxide sensors for operating at room 
temperature[8-9].  

Titanium dioxide (TiO2) is one of the most widely used 
functional semiconductors with applications in gas 
sensors [10], dye-sensitized solar cells [11], and photo-
catalysis [12]. The gas sensing capability of TiO2 is based 
on the changes in the film conductivity in the presence of 
oxidizing gases [13]. Since Varghese et al. [14] reported 
the hydrogen sensing performance of TiO2 nanotubes, 
there have been several studies on hydrogen sensing 
properties of sensors using TiO2 nanotubes. Hydrogen 
sensors using palladium doped TiO2 nanotubes were 
reported to have both a remarkable surface resistance 
change at room temperature and photo-catalytic 
properties ,which can be used to recover the sensor’s
initial resistance by ultraviolet light exposure, after being 
contaminated [15]. To improve the sensitivity and 
reproductivility of the sensor, Chen et al. fabricaded a
nanoporous TiO2 layer on anodized alumina.[16] Han et 
al. fabricated a flat-type catalytic combustion hydrogen 
sensor enhancing the photocatalytic property using ultra 
violet light at an operating temperature of 82 Celsius [17].
Even though many studies to improve hydrogen sensing 
properties based TiO2 have been made, the 
commercialization of hydrogen sensor’s is still not as 
popular when compared to other sensors in the industry, 
because of a complex manufacturing process, high cost 
and reliable operation time. 

In this study, we studied the hydrogen sensing 
properties of a hydrogen sensor which uses TiO2 nanotube 
arrays equipped with a Pt electrode at room temperature.   

2 Experimental 

Titanium foils (0.125mm thickness, 99.5%, Sigma 
Aldrich) that were used as an anode electrode to grow 
TiO2 nanotube arrays on, were cut in segments of 20mm × 
30mm. Platinum (Pt, 0.1mm × 2.0mm × 2.0mm, 99.98%) 
was used as a counter electrode. Each of the electrodes 
were degreased by sonicating it in distilled water and 
rinsed with iso-propanol and distilled water. The constant 
voltage of 15V was applied using a power supply (DC 
Power Supply HY 3005D, Mastech) during the anodizing 
process. The titanium foil was anodized in an electrolyte 
containing hydrofluoric acid of 0.5% wt% with distilled 
water for 30 minutes. The anodization process was 
conducted at room temperature, at approximately 22 
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Celsius. 
The geometry of the sensor is described in Fig 1.  The Pt

electrodes, with a thickness of 20nm, were achieved by 
RF-sputtering (Bal-Tec Med 020) and the distance 
between the Pt electrodes is 10mm. The electrical contact 
between a Pt electrode and a wire was achieved with 
silver (Ag) paste. The prepared TiO2 nanotubes were 
annealed at 600 Celsius for 1 hour in air atmosphere with 
heating and cooling rates of 1 Celsius per min by using a 
multi-stage programmable electric furnace (3-130
Furnace, Vulcan). 

Fig. 1 The schematic diagram of the sensor’s geometry 

Electrical behavior during the anodizing process was 
observed with a multi-meter connected to a computer. The 
morphologies of the TiO2 nanotubes were studied using a
field emission scanning electron microscope (FESEM).  
 The sensor’s sensitivity to hydrogen was measured with a
multi-meter connected to computer in a glass chamber. 
The hydrogen concentration was varied in discrete steps 
from 0 to 40,000ppm. The sensor’s reproducibility was 
measured by a digital multi-meter (Precision multi-meter 
8846A, Fluke) connected to a computer. The hydrogen 
concentrations were generated by a hydrogen generator 
meant for lab tests. 

3 Results and discussion 
The current density during anodization at 15V in 

electrolyte containing 0.5 wt% hydroflouric acid is 
illustrated in Fig. 2. As shown in Fig 2, the behavior of 
anodization in electrolyte based on hydroflouric is 
explained with three steps; i) the formation of oxide layer 
on titanium foil ii) the growth of porous, iii) the formation 
of vain path and tuberal porous [17, 18].

In our previous study [19], we reported that TiO2
nanotubes are formed in 30 min and its mophologies are 
controlled by suppying various electrical potentials.
Through these studies, the formation mechanism of TiO2
nanotube arrays was studied. Fig. 3 shows the surface 
morphology of nanotube arrays prepared by anodization 
using a voltage of 15V at room temperature, annealed at 
600 Celsius for 1 h in air atmosphere. Fig. 3a illustrates
the morphology of nanotube arrays and that they are 
uniform over the surface. The average tube diameter is  

45nm and the average wall thickness 14nm.  Out of the 
dimentional parameters of nanotube arrays, such as 
diameter, tube length and barrier thickness, the tube 
diameter may be a significant factor that influences the  
sensitivity of the sensor.[13]

Fig. 2 Current density during anodization of titanium foil 
at 15V in HF-based electrolyte 

Fig. 3 FESEM images of TiO2 nanotubes obtained by 
anodizing Ti foil in HF-based electrolyte for 30min, 15V, 
room temperature. 

b)

a)
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Fig. 4 Schematic diagram of Voltage divider used for 
hydrogen sensing measurement  

Fig. 5 Sensor’s sensitivity when exposed to different 
concentration of hydrogen. 

Fig. 6 Sensor’s volage performance when exposed to 
hydrogen and flushed with air. 

The typical function of a semiconductor sensor is to 
measure surface potential changes and surface 
conductivity while atomes and molecules of target gases 
interact with it. It is difficult to measure a presice 
sensitivity from the surface resistance of TiO2 nanotube 
arrays because of the huge resistance of TiO2 nanotube 
arrays. To measure the surface resistance more precisely,
a voltage divider circuit was utilized for this experiment 
as shown from Fig.4. The voltage divider consists of two 
electrical resistances in series and a ground. The input 
voltage is applied across the series resistance R1 and R2
and the output is the voltage across R2.R1. The relation 
between the input voltage Vin and output voltageout can be 
described with equation 2.

inout V
RR

RV �
�

�
21

2     2)

A sensor sample is used as R1 and a reference resistance 
of  9MΩ is used as R2. The input voltage of 5 V is 

supplied to obtain the output voltage. The surface 
resistance of the sensor is appoxiately 60MΩ obtained 
through the voltage diver. When the sensor was 
exposured to hydrogen concentration of 40,000ppm, the 
sensor resistance was reduced  to 11.58 MΩ.

Fig. 5 illustrates the measured sensitivity of the sensors 
at room temperature, when they were exposed to various 
concentrations of hydrogen, ranging between 0 –
40,000ppm. The sensitivity of semiconductor sensor can 
be defined by the equation 2.  

gas

gas

R
RR

S
�
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 The measurement chamber was flushed with air after 
each exposure. As Fig. 5 indicates, the sensivities of the 
sensors indicate a linear increase up to 40,000ppm. The 
sensor’s sensitivities hydrogen present from 1.4% in 
1000ppm to 80.8% in 40,000ppm. 

To study the reproducibility of the sensors, they were 
exposed to hydrogen repeatedly by using a hydrogen 
generator in a glass chamber. After being exposed to a 
certain concentration of hydrogen, the sensor’s voltage is 
seen to recover to the initial voltage repeatedly. The 
response time of the sensor is not clear since the multi-
meter’s measurement time interval was set to 1 sec. Fig 6 
indicates that the reaction of sensors occurred in less than 
1 sec. The recovery time from the moment, which the 
chamber was flushed with air until the sensor reached its 
initial voltage, was approximately 100 sec.    

The sensors using TiO2 nanotube arrays coated with 
palladium indicated remarkable sensitivity at room 
temperature, and palladium is known to improve the 
sensors ability to dectect hydrogen. [13]

It can be considered that the interaction between the 
sensor and hydrogen may be due to the chemisorption of 
the dissociated hydrogen on the surface of TiO2 nanotube 
arrays, because the sensor regains the initial resistance 
after hydrogen exposure. While the chemisorption occurs, 
hydrgen operates as a surface state and a partial charge 
transfer is caused from hydrogen to the conduction band 
of the TiO2 layer. This phenomenon produce an electron 
accumulation layer on the surface of the nanotubes. When 
the chamber is flushed with air, the sensor, electron 
transfer returns back to hydrogen, hence it recovers the 
resistance. The Pt electrodes may be another factor that
can effect the hydrogen sensitivity of the sensor. The Pt 
electrodes might act as catalyst in the interaction between 
hydrogen and the sensor, so far there is no clear study on
how Pt electrodes affect this reaction [20].

Conclusions 
The sensor using TiO2 nanotube arrays and is fabricated 

by anodization was studied. The anodization using the 
electrolyte containing hydrofluoric acid at 15V electric 
potential was successfully implemented to produce TiO2 
nanotube arrays. TiO2 nanotube arrays were equipped 
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with Pt electrodes. The sensor shows clear linear 
sensitivity to different concentrations of hydrogen. It 
should be noticed that the sensor using TiO2 nanotube 
arrays with Pt electrodes detect hydrogen effectively at 
room temperature. Up until now, the general consensus 
has been that semiconductor gas sensors need an elevated 
or high temperature to function. However, this study 
proves that the TiO2 nanotube sensor can have stable 
reproducibility and a high sensitivity, in order to meet the 
requirements for commercialization in the semiconductor 
sensor industry.  
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a  b  s  t  r  a  c  t

We  present  a hydrogen  sensor  using  mesoporous  TiO2 film  on  silicon  and  its  H2 sensing  properties  at
different  conditions.  The  sensor  was formed  by  anodizing  a sputtered  Ti  layer  on silicon  and  having  it
annealed  for  crystallization.  The  material  and  electrical  characterization  included  a  study  of  morphol-
ogy  (FESEM),  elemental  composition  (EDS),  crystalline  structure  (XRD)  and  current–voltage  behavior
vailable online 25 May 2013

eywords:
iO2

nodization
ydrogen

(semiconductor  parameter  analyzer).  The  sensor  with  Pt electrodes  showed  promising  hydrogen  sensing
properties  in air,  such  as  good  response  to  low  hydrogen  concentration  (20–1000  ppm),  fast  response
time  of  5  s  and  recovery  time  of  125  s  at  1000  ppm.  The  sensor  response  is  shown  to  be  independent
toward  relative  humidity  in  the  testing  atmosphere.

© 2013 Elsevier B.V. All rights reserved.

as sensor

. Introduction

Among the basic elements in nature, hydrogen (H2) is one of the
ost abundant elements. Because H2 had been considered to be

n attractive renewable resource, it has been studied and utilized
n various applications, such as aerospace, medicine, transporta-
ion, and energy technologies [1–4]. The use of H2 in fuel cells
or transportation and power generation applications has raised
nterest today and can lead to less polluting vehicles because the
nly exhaust emission is water. H2 is a potentially dangerous gas,
egarding its operation and storage, due to the fact that leaking H2
n air may  cause easy ignition if its concentration is over 4%.

Metal oxide films, such as ZnO, SnO2 and TiO2, have been widely
tilized for gas sensor applications [5–7]. Titanium dioxide is one of
he most used gas sensor materials for H2 detection, with operating
emperature range of 250–500 ◦C. The gas sensing capability of TiO2
lm is based on the changes in the film resistivity in the presence
f oxidizing gases and reducing gases, as typical metal oxide gas

ensors [8,9]. Since one-dimensional nano-structured TiO2 films
ave been widely studied, TiO2 thin films anodically synthesized
ith Pd or Pt electrodes are convenient to produce and they have

∗ Corresponding author. Tel.: +358 2 333 8670; fax: +358 2 333 8600.
E-mail address: jong.moon@utu.fi (J. Moon).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.05.070
pronounced response to H2 in both air and N2 atmosphere [8,10,11].
Thin films consisted of TiO2 nanotube arrays were successfully
grown by anodization from Ti metal or deposited Ti on desired sub-
strates. H2 sensors utilizing such nanotubes have improved sensing
performance and catalytic efficiency, since hydrogen can penetrate
the inner structure of tubes [12].

However, when TiO2 films are synthesized by anodization from
Ti metal sheet, the potential applications of the film, such as
microelectronic devices, become limited. For example, anodically
synthesized TiO2 nanotube arrays on Ti sheet may  cause an electri-
cal short-circuit due to diffusion of metal deposited top TiO2 film
into the Ti metal under the oxide layer. Also, vibration, physical
shock, or the connection of electrical wires to the metal electrodes
can damage the oxide layer and form a direct contact with the metal
[13]. If mechanically reliable devices are to be produced, it is neces-
sary to synthesize the oxide nanostructure on a desired substrate.
Formation of TiO2 films on other substrates, such as ITO film and
silicon substrate, have recently been studied and used mainly for
photovoltaic applications [9,14].

In this contribution, we report the fabrication and H2 sensing
properties of a gas sensor consisted of mesoporous TiO2 thin film

on Si substrate. The TiO2 film was synthesized in an aqueous elec-
trolyte containing fluoride ion by anodization of Ti deposited on Si.
Pt electrodes were deposited by DC magnetic sputter. The anodized
sample was annealed for crystallization. The structural properties

dx.doi.org/10.1016/j.snb.2013.05.070
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:jong.moon@utu.fi
dx.doi.org/10.1016/j.snb.2013.05.070
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electrochemical reaction [17].
Only O (51.6%), Si (14.7%), and Ti (27.7%) can be detected in the

EDS spectrum (Fig. 4) suggesting that the Ti peak shows more sig-
nificantly than Si peak, which stems from the underlying substrate.
Fig. 1. Schematic of the se

f the TiO2 film were investigated by field emission scanning elec-
ron microscopy (FESEM), energy-dispersive X-ray spectroscopy
EDS), X-ray diffraction (XRD) and current–voltage measurement.
hroughout H2 sensing measurement of the sensor carried out at
arious concentrations with different operating temperatures in
umid ambient air, the TiO2 film gas sensor synthesized on Si shows
ppreciable H2 sensing performance with fast response/recovery
ime at operating temperature of 140 ◦C.

. Experimental

A slice of p-type Si wafer (10 mm × 20 mm × 0.6 mm)  was rinsed
ith ethanol and deionized (DI) water and dried in air stream. High
urity Ti thin film (99.9%) of 500 nm was deposited on a Si substrate
y a DC magnetron sputter (BAL-TEC MED  020) in argon (Ar) at a
ressure of 0.02 mbar at 150 ◦C. The TiO2 thin film was synthesized
ia anodization of the deposited Ti film in an aqueous electrolyte
ontaining hydrofluoric acid (HF) 0.5 vol.% in DI water for 5 min  at
oom temperature. Only the Ti layer on Si was used as an anode and

 platinum foil (Pt, 20 mm × 20 mm  × 0.1 mm,  99.98%) was  used as
 cathode. Current density was recorded with a precision multi-
eter (Fluke 8846) during the anodizing process, and the sample
as rinsed in DI water and dried.

Two Pt electrodes (100 nm thick, 1.4 mm diameter, 0.4 mm dis-
ance from each other) were deposited on the TiO2 thin film by
he DC magnetron sputter through a shadow mask that was placed
gainst the film. The prepared sample was annealed at 500 ◦C for

 h in air with heating and cooling rates of 1 ◦C/min in a multi-stage
rogrammable electric furnace (3-130 Furnace, Vulcan).

Field emission scanning electron microscopy (FESEM, Hitachi S-
800) equipped with energy dispersive X-ray spectroscopy (EDS)
as used for the surface morphology and the elemental composi-

ion analysis. X-ray diffraction (XRD, Philips X’Pert Pro MPD  X-ray
owder diffractometer) using Cu K� radiation was used in studying
he crystalline phase of TiO2 film.

The sensor schematic is shown in Fig. 1. The sensor was fixed on
n alumina substrate (20 mm × 10 mm × 1 mm)  and thin gold wires
diameter 25 �m)  were adhesively bonded for creating electrical
ontacts from the Pt electrodes to the copper (Cu) contacts by using
ilver (Ag) paste (Conductive epoxy CW2400, Chemtronics, USA).

The resistance between the Pt electrodes was detected by tak-
ng direct needle contacts to the Pt electrodes with a needle probe
tation (Rucker & Kolls 666). The current–voltage characteristics
ere measured as a function of temperature by using a semicon-
uctor parameter analyzer (HP4145B).

The prepared sensor (10 mm × 10 mm)  was placed on a small
eater plate (15 mm × 15 mm,  Ultramic 600, Watlow) to keep the
ensor at specified temperature which was continuously observed

ith a thermocouple. The sensor with the heater plate was  placed

n a closed 56 l glass test chamber with continuous air circula-
ion inside. The temperature inside the chamber was kept at room
emperature. The desired concentrations of H2 were created by
ith platinum electrodes.

inserting an exact volume of H2 to the chamber and the concentra-
tion was  verified with a calibrated commercial H2 sensor (SX-917,
Sensorex, Finland). The resistance of the sensor was  measured by
using a precision multi-meter (Keithley 6487 Picoammeter Voltage
Source) connected to Cu contacts with two coaxial cables. The rela-
tive humidity (RH) inside the chamber was continuously observed
with (SHT20, Sensirion). A wet paper was placed inside the chamber
for adjusting the RH.

3. Results and discussion

The current density of the sputtered Ti film during anodiza-
tion, as shown in Fig. 2, is similar to typical anodization of Ti, as
reported elsewhere [15]. Based on the FESEM images of the samples
it can be seen that the deposited Ti film has grains of Ti 10–25 nm
in size (Fig. 3a) and the entire oxide layer (470 nm thick) after
anodization has interconnection channels 20–40 nm in diameter
(Fig. 3b and c). The result is not in good agreement with previously
reported anodization of Ti sheet or Ti film on other substrates to
synthesize highly ordered TiO2 nanotube arrays using an aqueous
electrolyte [15,16]. For example, Yu et al. [15] demonstrated obtain-
ing of porous TiO2 thin film by anodization of Ti thin film with round
shape pits that have pore diameter of 25 nm and interpore distance
of 40 nm on silicon substrate using an aqueous HF electrolyte at a
constant voltage of 3 V at 3 ◦C. Particularly, when anodization was
applied for a longer period of time (10 min), the TiO2 film in our
experiment was partially dissolved by acid electrolytes and, after-
wards the formation of porous silicon was  observed underneath
TiO2 (Fig. 3d). It is possible that the acid electrolyte dissolves TiO2
thin layer after consuming Ti, and infiltrates on Si surface that forms
the fluid–semiconductor interface, and then dissolves Si through an
Fig. 2. Current density during anodization of Ti film deposited on Si.
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Fig. 3. FESEM images: (a) Ti film deposited on Si, (b) top view of mesoporous TiO2 film on Si after anodization in HF 0.5% with DI water; inset is a high magnification, (c)
cross-sectional image of TiO2 film, (d) top image of TiO2 film anodized for 10 min; inset shows partially porous silicon observed.
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Fig. 5. XRD pattern of TiO2 thin film (a) as anodized and (b) annealed at 500 ◦C.
ig. 4. EDS spectra of TiO2 on Si substrate after annealing at 500 ◦C for 6 h in air.

TiO2 nanostructures for gas sensor applications require crys-
allization by annealing in ambient air or oxygen atmosphere at
ertain temperatures for transformation of amorphous TiO2 into
natase and/or rutile, depending on the used materials. The XRD
attern analysis is shown in Fig. 5. The as anodized TiO2 film dis-
lays small anatase peak, but no other visible peak as seen in Fig. 5.
he sample annealed at 500 ◦C (Fig. 5b) showed a stronger reflec-
ion than as anodized sample as shown of anatase (1 0 1) peak
orresponding to an angle 2� = 25.3◦. But titanium peaks were not
isible from this result. It is known that as anodized TiO2 film at low
nodization voltage is amorphous [15]. The existence of the slight
natase in as anodized sample shown in Fig. 5a is assumed to stem
rom the sputtering procedure at the elevated temperature and an
xistence of some air in the sputtering chamber.

The current–voltage (IV) characteristics of the sensor measured

t different temperatures in air shown in Fig. 6 indicate that current
ends to increase with increasing temperature. The route between
he Pt pad and the Cu plate was found to be ohmic and of very
ow resistance. The plot of the measurement indicates that TiO2

Fig. 6. Current–voltage characteristics measured at Pt electrodes of the sensor in
air  as a function of temperature.
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Fig. 7. (a) Resistance plot of TiO2 sensor upon exposure to 1000 ppm H2 in air at
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the operating temperature of 140 ◦C and varying relative humidity
in the test chamber. It took over 1000 s to stabilize the resistance
in the targeted relative humidity during the preparation for this
ifferent operating temperature. (b) Hydrogen response of TiO2 sensor as a function
f hydrogen concentration at different operating temperature.

lm with Pt electrical contacts has non-ohmic behavior as the work
unction of Pt (5.65 eV) is higher than the electron affinity of anatase
iO2 (4.12 eV). Thus, the interface between Pt film and TiO2 forms a
chottky barrier that results in the electron transfer from the TiO2
onduction band to Pt [18–20].

The sensor’s response to hydrogen is the change in the resis-
ance which is characterized as ratio Rair/RH2 , where Rair and RH2 are
esistance of the sensor in absence and presence of H2, respectively.
ig. 7 represents H2 sensing performance at different operating
emperatures. TiO2 sensor at operating temperatures from 50 to
40 ◦C revealed an acceptable response upon exposure to H2 con-
entration ranging from 20 ppm to 1000 ppm. However, we  could
nly estimate the trend of the H2 sensing response for low concen-
rations at operating temperatures of 50 and 80 ◦C which caused
ots of noise for the measurement due to the very high resistance
f TiO2 sensor as shown in IV characteristics and Fig. 7a.

Fig. 7b illustrates the response of the sensor as a function of
2 concentration. The response tends to increase with operating

emperature because the properties of TiO2 films as an n-type semi-
onductor. For metal semiconductor gas sensors in ambient air,
xygen chemisorbed on the metal surface increases their work
unction [21]. The best response for TiO2 sensor was achieved at
40 ◦C, where the response is a linear function of H2 concentra-
ion on the logarithmic scale. Thus, the trend line equation for
he response at 140 ◦C is 0.4402 ln(x) − 1.1607, where x is the H2
oncentration (ppm) and its correlation coefficient of R2 is 0.995.

Fig. 8a describes a real-time variation of resistance in presence
f H2 at an operating temperature of 140 ◦C. In essence, the sen-
or exhibits noticeable H2 sensing properties at the concentration
ange from 20 to 500 ppm. The response and recovery time are

efined as the time for resistance to decrease and increase, respec-
ively, toward 90% of total resistance change. The response time
ecreases with increasing H2 concentration and the recovery time
Fig. 8. (a) Resistance plot of TiO2 sensor upon exposure to H2 concentration range
from 20 to 1000 ppm in air at 140 ◦C operating temperature. (b) Response and recov-
ery time of TiO2 sensor as a function of H2 concentration.

increases. The response time was  50 s at 20 ppm and within 10 s
above 300 ppm. The recovery time was 20 s at 20 ppm and 70–125 s
at 50–1000 ppm. Although the resistance change is not as great
as in previously reported sensors [10,11], the low concentration
response is worthy to note that anodically synthesized TiO2 film
without dopant could be able to detect low concentration H2 and
have fast response/recovery time that could be useful in determin-
ing H2 leaks.

The influence of the relative humidity on the H2 sensing prop-
erties was studied by observing the resistance at 100 ppm H2 with
Fig. 9. The diagram of resistance variation of the TiO2 sensor upon exposure to H2

100 ppm in air at 140 ◦C as a function of humidity: (a) 5%, (b) 15%, and (c) 42%.
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easurement. Fig. 9 shows that the sensor resistance decreased
ith increasing the humidity. The H2 sensing behavior was similar

n different humidity showing the response (1.7–1.9) to 100 ppm
2 and response/recovery time was not significantly influenced.

. Conclusion

A gas sensor using mesoporous TiO2 film on Si substrate was
ynthesized by an anodization using an aqueous electrolyte con-
aining HF. The obtained TiO2 film was 470 nm thick and had small
ores 25–40 nm.  The crystallized TiO2 film after annealing at 500 ◦C
or 6 h had anatase structure. The gas sensor for H2 detection was
nvestigated at different operating temperatures (50–140 ◦C) and

2 concentrations range from 20 to 1000 ppm in ambient air. The
ensor showed that the H2 sensing properties are clearly dependent
n the operating temperatures and considering the sensor struc-
ure, the optimistic operating temperature for our sensor is 140 ◦C
hat provides the resistance reduction by a factor 2.8, the fast
esponse time of 5 s and the recovery time of 125 s at 1000 ppm.
he TiO2 film was influenced by relative humidity in the sensing
nvironment, showing a decrease of the resistance. However, the
elative humidity change did not affect the actual response for H2
ensing performance.
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a  b  s  t  r  a  c  t

This study  demonstrated  a highly  sensitive  hydrogen  sensor  consisting  of Pd-decorated  TiO2 tubular
structures  on  SiO2/Si  substrate.  Ti  layer  was  deposited  on a thermally  oxidized  Si substrate  with  patterned
metal  electrodes.  TiO2 nanotubes  were  prepared  by an  anodization  of Ti  layer  in  an  organic  electrolyte
containing  NH4F 0.3  wt.%  in  ethylene  glycol.  Thin  Pd  layer  was  deposited  on the  detection  area  of  the
TiO2 layer  to enhance  detection  abilities.  The  formation  of  the  TiO2 layers  on  both  the  metal  electrode
and  SiO2 layers  was  investigated  by FESEM  and  EDS.  After  annealing  at  500 ◦C,  the  crystalline  phase
transformation  from  amorphous  to  anatase  was confirmed  by XRD.  The  hydrogen  sensing  properties  of

◦

nodization
anostructures
icroelectronics

the  sensor  were  investigated  in synthetic  air,  nitrogen  and  humid  air  at  140–180 C.  The Pd deposition
effectively  improved  the  hydrogen  sensing  abilities  of  the sensor  due  to  catalytic  effect  of  Pd. The  sensor
showed  promising  hydrogen  sensing  characteristics,  such  as  a high  response,  a  wide  detection  range
(1 ppm–1%),  a fast reaction  time  and a good  selectivity.  This sensor  fabrication  process  can  offer  feasibility
for  mass  production  of micro  scaled  sensors  using  anodically  prepared  TiO2 sensors.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The use of fossil fuels produces carbon dioxide (CO2), the amount
f which has increased in the atmosphere and caused environ-
ental problems, such as global warming. Global energy resources

re diminishing and becoming more expensive. Thus, substantial
fforts have been made to utilize renewable energy resources [1]
hich can replace fossil fuels. For several decades, wind power

2], hydroelectric power [3] and photovoltaic technologies [4] have
een favored as alternatives to fossil fuel. However, these technolo-
ies need further improvement of energy conversion efficiencies
nd have limitations with respect to storing or carrying the energy
5]. Hydrogen (H2), on the other hand, shows great promise as an
lternative fuel for our future energy needs. However, hydrogen is

 potentially dangerous gas to use in industry because it is an invis-

ble, odorless and flammable gas. Therefore, hydrogen sensors are
rucially needed to detect any hydrogen leakage; as well as, pre-
isely measure the hydrogen concentration in the hydrogen fuel

∗ Corresponding author. Tel.: +358 44 040 1555; fax: +358 2 333 8600.
E-mail address: jong.moon@utu.fi (J. Moon).

ttp://dx.doi.org/10.1016/j.snb.2015.08.054
925-4005/© 2015 Elsevier B.V. All rights reserved.
cell system during all stages of hydrogen production, transportation
and storage [6,7].

Many types of hydrogen sensors, such as, electrochemical [8],
optical [9], catalytic [10,11], thermally conductive [12] and metal
oxide semiconductor sensors [13,14], have been studied and com-
mercialized. Metal oxide gas sensors have been widely used for
hydrogen gas sensor applications because of their high sensitivity,
fast response, long lifespan and feasibility to be miniaturized for
use in the microelectronic devices. Especially, TiO2 tubular struc-
tures prepared by anodization have shown significant hydrogen
sensing properties. Most of anodic TiO2 structures are prepared
using metallic Ti as the base substrate [15,16]. This is due to the
straightforward fabrication process and the easy modification of
material’s morphology by varying the experimental parameters,
such as electrolyte concentration, pH, electrolyte temperature and
applied voltage [17,18].

Gas sensors using an anodic TiO2 layer which has a metal Ti
basis can typically be constructed by placing two metal electrodes
on the oxide layer to measure the resistance. Paulose et al. [19]

reported remarkable hydrogen sensing properties of TiO2 nanotube
arrays prepared by an anodization of Ti foil in an electrolyte con-
taining fluorine ion. In addition, such tubular TiO2 arrays have also
shown abilities to detect other gases, such as oxygen [20], ethanol

dx.doi.org/10.1016/j.snb.2015.08.054
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.08.054&domain=pdf
mailto:jong.moon@utu.fi
dx.doi.org/10.1016/j.snb.2015.08.054


J. Moon et al. / Sensors and Actuators B 222 (2016) 190–197 191

 senso

a
l
d
a
a
M
d

i
s
a
r
t
[
e
l
s
w
i
t
f
h
f
m
t
f
H
o
m

i
e
p
T
A
e
m
h
h
g

2

2

t
a

Fig. 1. Schematic of the

nd ammonia [21]. Yet anodic nanostructures formed on metal-
ic Ti can be mechanically vulnerable; the top metal electrodes
eposited on the oxide can diffuse into the TiO2, which may  cause
n electrical short circuit. Besides, the oxide layer may  get dam-
ged during sensor manufacturing processes, such as wire bonding.
ore importantly the Ti layer underneath the oxide layer makes the

evice incompatible for use in microelectronic technology.
Thus, much effort has been recently contributed to develop-

ng gas sensors using anodic TiO2 nanostructures on alternative
ubstrates, which provide various advantages for microelectronic
pplications [22–24]. Several studies have reported the TiO2 prepa-
ation on different base substrates, such as, conductive film (Indium
in oxide and Si) [25,26] and insulators (Al2O3, SiO2 and glass)
22,27]. Essentially, the use of isolating substrates, such as SiO2/Si,
nables placement of metal electrodes under the anodic oxide
ayer [28]. For example, Kimura et al. [29] demonstrated a gas
ensor using porous TiO2 prepared by local anodization of Ti
ire. This work showed that the reduction in sensor size could

mprove hydrogen detection properties. Using these TiO2 nano-
ube sensors on isolating substrates, however, still would require
urther improvements considering the sensitivity, due to poorer
ydrogen detection ability than sensors directly prepared from Ti

oil [22]. Adding catalytic materials has commonly been used in
odifying the sensing properties of metal oxide gas sensors. Par-

icularly, noble metals, such as Pd [30], Pt [31] and Au [32], are
avored as catalysts, due to their high hydrogen chemisorption.
ence, the gas sensing properties of anodic TiO2 layer prepared
n insulating substrates can be enhanced by loading catalytic
aterials.
In this present work, we report a hydrogen sensor consist-

ng of tubular TiO2 layer formed on SiO2/Si with several pairs of
lectrodes under the TiO2 layer. Metal electrodes (Al/Au) were
atterned on the substrate followed by the deposition on a thin
i layer which was then anodized to form tubular oxide structure.

 thin Pd layer as a catalyst was deposited on the oxide layer to
nhance hydrogen sensing property. Hydrogen sensing measure-
ents were performed under synthetic air, N2, ambient air and

umid air. The Pd-decorated TiO2 tubular layer showed excellent
ydrogen sensing properties that detect from 1 ppm to 1% of hydro-
en with fast response/recovery time.

. Experimental

.1. Sensor preparation
The sensor manufacturing process is described in Fig. 1. A
hermally oxidized silicon slice (20 mm × 25 mm × 0.5 mm)  with

 360 nm thick layer of SiO2 was degreased by ultrasonication in
r fabrication procedure.

acetone, isopropanol and deionized (DI) water for 5 min. Metal
electrodes with an interspacing distance of 200 nm were formed
by depositing Al (10 nm)  and Au (100 nm)  layers onto the silicon
slice through a mask with a DC magnetron sputter (BAL-TEC MED
020, Baltec Union, Balzers, Liechtenstein) in Ar at a pressure of 0.02
mbar. The slice was then thermally treated at 300 ◦C for 30 min  in air
to improve the adhesion of the metal electrodes to the substrate.
A Ti layer (500 nm) was  deposited on the slice through another
mask (10 mm × 15 mm)  in the same manner using a Ti target (purity
99.9%) at 150 ◦C.

2.2. Anodization process

TiO2 nanotubular structures were prepared via an electrochem-
ical anodization process using a two-electrode configuration with
the Ti layer as an anode, and Pt foil (20 mm × 20 mm  × 0.1 mm,
purity 99.9%) as a cathode. The distance between the electrodes
was 2 cm.  The anodization was performed for 40 min  at 5 ◦C in an
organic electrolyte solution containing 0.3 wt.% of NH4F in ethyl-
ene glycol. Electric potential of 60 V was applied gradually during
anodization, with a ramp rate of 1 V/s. After this process, the
anodized sample was rinsed with DI water and dried in an air
stream. A thin Pd layer (ca. 2 nm,  purity 99.9%) was  deposited on
the sensing area between metal electrodes using the DC magnetron
sputter. The sample was then crystallized by annealing for 6 h at
500 ◦C in ambient air with a ramp rate of 1 ◦C/min in a furnace
(Vulcan 3-130, Burlington, New Jersey, USA).

2.3. Material characteristics

The formation of the anodic TiO2 structure was  verified using
a field emission scanning electron microscope (FESEM, Hitachi
S—4800, Tokyo, Japan) equipped with an energy dispersive X-ray
spectrometer (EDS, Oxford INCA 350, Abingdon, UK). EDS mea-
surements were conducted at 10 keV to analyze the elemental
composition of TiO2 on the metal electrodes and SiO2/Si substrate.
The crystalline structure of the anodic TiO2 layer was investigated
by X-ray diffraction (XRD, X’Pert Pro MPD  X-ray powder diffrac-
tometer Philips, Holland) using CuK� radiation.

2.4. Gas detection measurements

An individual sensor unit was  separated from the sample to fab-
ricate a gas sensor. The sensor was  then fixed on alumina substrate,

and electrical contacts were made to the metal electrodes using Cu
wires fixed with conducting Ag epoxy. The sensor was subsequently
placed on an Al plate, which was  equipped with a ceramic heater
(15 mm × 15 mm;  ULTRAMIC 600, Watlow Electric Manufacturing



1 Actuators B 222 (2016) 190–197

C
w
a
t
r
5
t
a

w
w
e
T
t
t
R
r

c
h
m
i
t
i

i
H
a
v
g
i
w
D
m

3

3

t
a
w
o
l
a
w

c
T
i
m
X
t
s
p
s
o
t
o
r
m
c
t
l

92 J. Moon et al. / Sensors and 

o., Chicago, IL, USA.) to control the operating temperature. This
hole device was placed in an Al chamber (75 cm3) covered with

 Teflon plate. A precision multi-meter (Keithley 6487 Picoamme-
er Voltage Source, Keithley Instruments Inc., OH, USA) was used to
ecord the resistance of the sensor with the applied DC voltage of

 V. Carefully shielded coaxial cables and short Cu wires were used
o reduce noise generated from the high resistance of the sensor,
llowing the measurement of resistances beyond 1 T�.

During the measurements, the gas flow through the chamber
as kept at 1 l/min using mass flow controllers. The gas mixtures
ere made by mixing high purity gases at specified flow rates that

nabled to make the minimum hydrogen concentration of 10 ppm.
he sensor temperature was stabilized at 180 ◦C which increased
he gas temperature inside the chamber to 45 ◦C. The response of
he sensor to hydrogen was defined as S = (R0 − RH2 )/RH2 , where
0 is the resistance in the absence of hydrogen, and RH2 is the
esistance in the presence of hydrogen.

The sensor was tested in synthetic dry air with hydrogen con-
entrations ranging from 10 to 5050 ppm. In order to study the
ydrogen sensing properties below 10 ppm, a series of measure-
ents at different operating temperatures (140, 160 and 180 ◦C)

n ambient air was performed in a glass chamber (56 l). Details of
he gas measurements in this system are described in Supporting
nformation S1.

The influence of the pre-adsorbed oxygen in the sensor was
nvestigated by measuring the response to 10, 100 and 1000 ppm

2 in N2. To study the influence of humidity, the sensor was tested
t constant hydrogen concentration (1000 ppm) in synthetic air at
aried relative humidities (RH) between 0 and 20%. The RH of the
as was adjusted by feeding the carrier gas partially through the
ncubator (17.6 ◦C). The selectivity of the sensor was  investigated

ith 100 ppm of acetone, ethanol, CO and CO2 in synthetic air.
etailed information of the gases and liquids used in the experi-
ents is described in Supporting information S2.

. Results and discussion

.1. Characterization of Pd decorated nanotubular TiO2 layer

The morphology of the obtained anodic TiO2 layer was inves-
igated by FESEM as shown in Fig. 2. The results showed that the
nodization process converted Ti layer into tubular TiO2 structures
ith a thickness of approximately 450 nm (Fig. 2a), and the tops

f the tubes are open and the bottoms are closed with thin oxide
ayer with a thickness of approximately 40 nm.  The tubes have an
verage diameter of 40 nm (standard deviation 6 nm)  and a tube
all thickness of 15 nm (Fig. 2b).

EDS measurements were conducted to analyze the elemental
omposition of TiO2 on the metal electrodes and SiO2/Si substrate.
he spectra of the EDS results are seen in Fig. 3. The EDS results
ndicated the presence of elements: O, Au, Si, Pd and Ti on the

etal electrodes, and O, Si, Pd and Ti on SiO2/Si substrate. The
RD patterns of the TiO2 layer in Fig. 4 were drawn to observe

he change in crystallinity of the as-anodized and the annealed
amples. The sample obtained after anodization indicated an amor-
hous structure as expected [33]. The sample annealed at 500 ◦C
howed only anatase peak (1 0 1). This is in good agreement with
ther studies reported [22,29]. However, in the case of TiO2 nano-
ubes prepared from Ti foil, a mixture of anatase and rutile can be
btained when annealed at 480 ◦C [34]. During this crystallization,
utile grows at the interface of TiO2/Ti metal substrate where ther-

al  oxidation takes place. While in the case of TiO2 on SiO2, the

rystalline phase transformation of rutile was not observed due
o the location of TiO2 tubes being separately formed on the SiO2
ayer.
Fig. 2. FESEM images of the TiO2 tubular structure on Si/SiO2 substrate: (a) a cross-
sectional image. The inset shows detached tubes from SiO2 layer, (b) top view image.
The inset shows top view at high magnification.

From the XRD patterns, the anatase (1 0 1) orientation degree
can be determined by using the Lotgering orientation factor (LF),
defined as [35],

LF = P − P0

1 − P0
(1)

where P0 or P =
∑

I(1 0 1)/
∑

I(h k l) is the ratio of the intensity of
I(1 0 1) to the sum of all the intensities I(h k l) in the scanned range
of 2�, for as-anodized and annealed TiO2, respectively. Non oriented
sample (P0) leads to LF = 0 and oriented sample (P) increases from
LF = 0 to LF = 1, making LF a method of measuring the degree of ori-
entation as a quality factor. The LF obtained from the XRD patterns
is 0.63, which is considered as good orientation.

3.2. Hydrogen detection properties

3.2.1. Hydrogen detection as a function of the presence of oxygen
The resistance variation of the sensor at 180 ◦C to hydrogen in

dry synthetic air is shown in Fig. 5a. The response of the sensor to
10–5050 ppm H2 varied from 1.25 to 7800 (Fig. 5b) and the resis-
tance returned to its initial value after repeated test cycles. The
response seems to obey the power law, y = 0.102x1.3701, where x is
hydrogen concentration (ppm), with good correlation (R2 = 0.9825).

The response time of the sensor was  defined as the time when
the sensor reached 90% of the total response to hydrogen and the
recovery time was defined as the time when the sensor returned to
90% of the total response as plotted in Fig. 5c. The sensor showed

fast response and recovery times of less than 30 s and 10 s at
100–5050 ppm H2, respectively. It should also be noted that the
actual response time is in fact shorter, due to the delay time (ca.10 s)
for changing the gas concentration in the chamber.
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Fig. 3. EDS spectra of the TiO2 layer on (a) metal electrode and (b) SiO2 substrate.

F
f

R
e
F
c

Fig. 5. Hydrogen sensing properties of Pd decorated TiO2 sensor to 10–5050 ppm
ig. 4. XRD patterns of the TiO2 film before and after the heat treatment at 500 ◦C
or 6 h in ambient atmosphere.

Hydrogen sensing measurements conducted in ambient air (32%

H) are shown in Fig. 6. The resistance changes of the sensor when
xposed to 1–50 ppm H2 at different temperatures are shown in
ig. 6a. Our sensor seems to be capable of detecting hydrogen con-
entrations below 1 ppm. The results showed that increasing the
H2 in synthetic air at 180 ◦C: (a) the resistance change; (b) the response (�); (c) the
recovery (�) time.

operating temperature shortened the response (Fig. 6b) and recov-
ery time (Fig. 6c) and decreased the resistance and noise level.

The variation in resistance of the sensor to different concentra-
tions of hydrogen in N2 is depicted in Fig. 7a. The sensor responses
were 25, 6000 and 17,000 to 10, 100 and 1000 ppm H2, respectively,

which are higher responses than in air. The response times were 90,
40 and 15 s. However, slow recovery times were observed, with the
resistance having still not reached its initial value after 50 min  in
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Fig. 6. Hydrogen sensing properties of Pd decorated TiO2 sensor to 1–50 ppm H2

in ambient air at different operating temperatures at 140–180 ◦C (RH 32%): (a) the
r

N
r

3

b

esistance change; (b) the response time; (c) the recovery time.

2. Our sensor displays promising results comparing to previously
eported sensors as shown in Table 1.
.2.2. Hydrogen sensing mechanism
In the presence of oxygen, the behavior of TiO2 sensors has

een explained as hydrogen removing oxygen from the lattice or
Fig. 7. Hydrogen sensing properties of Pd decorated TiO2 sensor to 10–1000 ppm
H2 in N2 at 180 ◦C: (a) the resistance change; (b) the response time (�); response
time (�).

the removal of chemisorbed oxygen [42,43]. The chemisorbed oxy-
gen is responsible for resistance change of TiO2 in the presence of
hydrogen. Several types of oxygen ions, such as O2−, O− and O2

−

can be formed on the oxide surface when electrons are captured
from the conduction band of the oxide. This process forms a space
charge region on the oxide surface, leading to high resistivity of the
oxide [44]. This is the reason for the higher base resistance of the
sensor in the air than N2.

When the sensors operate in the absence of oxygen, differ-
ent approaches for understanding the sensing behavior have to be
considered. The base resistance of the sensor in N2 (Fig. 7) was  sig-
nificantly lower (1/1000) than in air (Fig. 5). The high response in
N2 can be explained by the process of hydrogen dissociation [45].
When hydrogen molecules reach the oxide surface, they are ion-
ized. The ionized hydrogen atoms release electrons, which decrease
the resistivity of TiO2. Thus, at this stage, the increase of hydrogen
concentration increases the amount of electrons on the oxide sur-
face, where the electrons are accumulated. When the donor level
crosses the Fermi level, no further increase of electrons in the accu-
mulation layer takes place. Therefore, the response to hydrogen in
N2 tends to be saturated as seen in Fig. 7b. This type of effect was
also reported in other studies [19,46]. Afterwards, the decrease of
the hydrogen concentration leads to the increase of the resistivity
due to desorption of hydrogen molecules [47].
The morphological structures of the sensing material are crucial
to the sensing properties. Xu et al. [48,49] reported the grain-size
models which described the correlation between the grain-size
and the gas sensor sensitivity. In ambient air, the high response



J. Moon et al. / Sensors and Actuators B 222 (2016) 190–197 195

Table  1
Summary of H2 gas sensors using TiO2 nanostructures in the literature.

Structure Synthesis method Catalyst Test H2 concentration (ppm) Operating temperature (◦C) References

Porous film on Ti Anodization Pt 500 250 [36]
Thin film Thermal oxidation 10 300 [37]
Nanotube arrays on Ti Anodization Pd 20–1000 RT [19]
Porous film on Ti Anodization 1000 250 [38]
Nanotube arrays on glass Anodization Pd, Pt 10 290 [27]
Nanowire Thermal evaporation Pd 500 100 [39]
Nanotube arrays on polymer film ALD 100–1000 100 [40]
Single nanotube Anodization 1000 

Nanotubes on SiO2/Si Anodization Pd 1–10,

Table 2
Response comparison of the sensor to 100 ppm of CO, CO2, ethanol, acetone and H2.

Gas Response

CO –
CO2 –
Ethanol 1.2

t
T
t
m
s
r

o
c
i
g
b
i
o
f
f
t
s
b
c
P
a
o
t
h
i

P

P

atmosphere in the test chamber led to minor reduction of the

T
S

Acetone –
H2 91

o hydrogen is the result of desorption of hydrogen molecules [19].
his may  occur at the tube walls and the tube necks connecting
ubes of the crystallized TiO2. According to the grain size correlation

odel, if half of the tube wall thickness is less than or comparable to
pace charge layer, the necks of tubes are responsible for the electric
esistance of the TiO2 layer and are expected high sensitivity.

The comparison of the sensor response to hydrogen with
r without Pd layer is shown in Supporting information S3. It
learly showed that the Pd layer is responsible for significantly
mproved hydrogen sensing ability. The enhancement of the hydro-
en sensing ability by adding noble catalysts has been explained
y electronic and chemical concepts [50]. The electronic concept

s based on an interaction of the Pd particles with TiO2. When
xygen chemisorption takes place, the sputtered fine Pd particles
orm Schottky-barriers that resulted from the work function dif-
erence of TiO2 and Pd [51–54]. When hydrogen is introduced on
he oxide surface, the chemisorbed oxygen on Pd-decorated TiO2
urface is removed through reaction with hydrogen, and then the
arrier height becomes lower, which is responsible for resistance
hange. The chemical concept is so called “spill-over effect” [55,56].
d is an excellent adsorptive material to hydrogen, playing a role
s hydrogen collector. The introduced hydrogen can be dissociated
n and dissolved into the Pd. The dissociated hydrogen atoms can
hen move towards the interface between Pd and TiO2, forming Pd
ydride (2), which later reacts with the adsorbed ionic oxygen and

njects electrons into the TiO2 layer (3) [57].

d + x
H2 → PdH (2)
2 x

dHx + x

4
O2− → Pd + x

2
H2O + x

4
e− (3)

able 3
ummary of gas sensors using anodically prepared TiO2 in the literature.

Structure Synthesis
Method

Catalyst Annealing
temp (◦C)

Nanotubes on Ti Anodization 

Nanowire Hydrothermal Pd 450 

Nanotube on Ti Anodization 500 

Nanotube on Ti Anodization 400; 700 

Nanotube on Pt patterned SiO2/Si Anodization 600 

Nanotubes on Al/Au patterned SiO2/Si Anodization Pd 500 
RT [41]
000 140–180 Present work

In air atmosphere, Pd particles were partially oxidized or con-
densed at 180 ◦C. The surface to volume ratio of Pd became smaller,
which resulted in the decrease of the amount of hydrogen dissolved
in Pd particles [39]. The partially oxidized Pd, on the other hand,
can be reduced in N2 at 180 ◦C, to metallic Pd. Thus, the surface
to volume ratio of Pd was  increased leading to the increase of the
amount of hydrogen dissolved in the Pd particles. This resulted in
higher responses of the sensor in N2 than air, as seen in Fig. 7.

3.2.3. Selectivity
The response to 100 ppm of CO, CO2, ethanol and acetone mea-

sured in dry air is summarized in Table 2. Our  sensor showed
negligible responses to these gases. These results are in contradic-
tion with other results of TiO2-based gas sensors [19,20,58,59]. For
example, TiO2 nanotubes prepared on SiO2/Si substrate with a mix-
ture of anatase and rutile have shown high response to acetone and
ethanol at 400 ◦C [28]. TiO2 nanohelix arrays prepared by oblique
angle deposition were able to detect NO2, CO and H2 [60]. The differ-
ent selectivity of our sensor compared to other TiO2-based sensors
can be caused by various distinctive features, such as the relatively
low operating temperature (180 ◦C), the different crystalline struc-
ture and the Pd decoration. These selective sensing properties of
anodic TiO2 sensors are summarized in Table 3.

3.2.4. Influence of humidity
When the metal oxide sensor is operated in humid atmosphere,

the absorbed water molecules on the oxide surface potentially
lower the base resistance of the sensor [19]. In addition, water
molecules may  disturb chemisorption of oxygen species on the
oxide surface, leading to a decreased active sensing area. Therefore,
it is important to investigate how the sensor operates at different
humidities.

The resistance variation of the sensor to 1000 ppm H2 with
different humidities (dry air, 5, 10 and 20% of RH) is shown
in Fig. 8a. The base resistance of the sensor decreased rapidly
when dry air was  changed to humid air (5% RH). The humid
response to 1000 ppm H2, due to physisorption of H2O molecules
on chemisorbed OH– radical layer at porous surface reducing the
resistance of TiO2 [63,64]. While the physisorption takes place,

Crystal
structure

Target gas Operating
temp (◦C)

References

Amorphous Oxygen 50–300 [20]
Rutile, anatase Isopropanol, ethanol,

methanol
200 [30]

Rutile, anatase SF6 200–400 [61]
Rutile, anatase NO2 300–500 [62]
Rutile, anatase Acetone, ethanol, NO2 400 [28]
Anatase H2 140–180 Present work
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Fig. 8. Hydrogen sensing properties of Pd decorated TiO2 sensor to 1000 ppm H2 at
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–20% RH in synthetic air at 180 ◦C: (a) the resistance variation; (b) the response to
000 ppm H2.

he decreased response to hydrogen is due to the H2O molecules
dsorbed on the oxide surface hindering hydrogen chemisorption
64].

. Conclusion

We  demonstrated the hydrogen sensor consisting of Pd-
ecorated TiO2 nanotubular structure. The TiO2 tubular structures
ere successfully formed on SiO2/Si substrate. Several pairs of
etal electrodes were formed underneath the oxide layer. The

hin Pd decorated TiO2 layer showed an excellent response to
ydrogen in different surrounding atmospheres including the pres-
nce or absence of oxygen and humid air. The obtained responses
ere 1.25–7800 to 10–5050 ppm H2 in synthetic air and the sen-

or showed fast response and recovery times. In N2 atmosphere,
he response (25–17,000 to 10–1000 ppm H2) was greater than in
ynthetic air, while the sensor showed slow recovery. The results
ndicated that the sensor is not only capable to detect below 1 ppm
evel of H2 in ambient air, but also promising for the utilization of
ur sensor in various hydrogen applications. We  expect to enhance

he hydrogen detection properties by reducing the size of the sen-
or and the electrodes, and ultimately reaching the mass production
rocess of micro-sized anodic TiO2 sensors using this method.
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