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a b s t r a c t

Highly-ordered, vertically oriented TiO2 nanotubes are synthesized, and their hydrogen

sensing properties are investigated. Self-organized TiO2 nanotube arrays are grown by

anodic oxidation of a titanium foil in an aqueous solution that contains 1 wt% hydrofluoric

acid at 20 �C. We use a potential ramp at a rate of 100 mV s�1, increasing from the initial

open-circuit potential (OCP) to 20 V, and this final potential of 20 V is then held constant

during the anodization process. The fabricated TiO2 nanotubes are approximately 1 mm in

length and 90 nm in diameter. For the sensor measurements, two platinum pads are used

as electrodes on the TiO2 nanotube arrays. The hydrogen sensing characteristics of the

sensor are analyzed by measuring the sensor responses ((I� I0)/I0) in the temperature

interval of 20–150 �C. We find that the sensitivity of the sensor is approximately 20 for

1000 ppm H2 exposure at room temperature, and increases with increasing temperature.

The sensing mechanism of the TiO2 nanotube sensor could be explained with chemi-

sorption of H2 on the highly active nanotube surface.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction Metal oxide films have been playing an increasingly
Hydrogen has numerous applications in industry, such as

chemical production, fuel cell technology, and rocket engines

[1]. However, the flammable and explosive properties of

hydrogen gas make its detection an important issue [2].

Therefore, today a wide range of investigations are being carried

out toward the development of highly sensitive, compact, low-

cost, and reliable hydrogen sensors [3]. In order to overcome the

disadvantages of commercially available hydrogen sensors [4],

different detection principles, methods, and materials have

been utilized to manufacture sensors during the last few

decades. The basic categories of sensors include catalytic

sensors, electrochemical sensors, resistive palladium and

palladium alloy sensors, field effect transistors, Schottky

diodes, and semiconductor metal oxide sensors [5–11].
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important role in the last few years as sensing materials for

various gases [9]. TiO2 based gas sensors have been widely

used because of their inert surface properties and high

sensing abilities [12,13]. Recently, many nanotechnological

approaches have been employed to enlarge the surface area of

TiO2 without increasing the device dimensions [14,15]. Highly-

ordered TiO2 nanotubes were first synthesized using an

anodization process by Grimes et al., using hydrofluoric acid

(HF) electrolyte [16]. Thereafter, further studies succeeded in

controlling and extending the nanotube morphology [17],

the length and pore size [18], and the wall thickness [19]. The

choice of electrolyte plays a critical role in determining the

resultant nanotube array. Several electrolytes, such as HF/H2O

[16,20], HF/H2SO4/H2O [21], NH4F/H2SO4 [22], KF/NaF/H2O [18],

NH4F/(NH4)2SO4/H2O [23], and fluoride-free HCl aqueous
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electrolyte [24], were used to fabricate TiO2 nanotube arrays.

Long nanotube arrays up to 1000 mm were produced in fluoride

ion containing baths in combination with a variety of

nonaqueous organic polar electrolytes, including dimethyl

sulfoxide, formamide, ethylene glycol, and N-methyl-

formamide [25–27]. The geometrical features of TiO2 nanotube

arrays are controlled by a variety of anodization parameters

(potential, time, and temperature) and a variety of electrolyte

parameters (composition, pH, viscosity and primarily

conductivity). The aqueous HF electrolyte was used to fabri-

cate TiO2 nanotube arrays with limited tube lengths of up to

500 nm because of the high H2O content of the electrolytes

[16,20]. In this work, we have constructed TiO2 nanotube

arrays that are approximately 1 mm in length with the aqueous

HF electrolyte, and potential ramping from the open-circuit

potential to 20 V in 100 mV s�1 steps and then holding this

potential constant for approximately 45 min.

TiO2 nanotube arrays have a wide range of applications in

areas such as photoelectrochemical materials, dye-sensitized

solar cells, hydrogen (H2) sensors, oxygen (O2) sensors, bio-

sensing and biomedical applications, and catalyst support

because of their various functional properties [28–31]. For the

H2 sensor at room temperature, undoped micrometer-length

TiO2 nanotube arrays prepared by anodization of Ti foil in an

electrolyte containing potassium fluoride, sodium hydrogen

sulfate monohydrate, and sodium citrate tribasic dihydrate

demonstrate an unprecedented change in electrical resistance,

of 8.7 orders of magnitude [32]. In previous works, the H2

sensing properties of TiO2 nanotube arrays were studied in

terms of the nanotube length, the catalysis coating electrode,

and the carrier gas. The highest sensitivity was observed for

micrometer-length TiO2 nanotubes with catalysis (Pd, or Pt)

nanofilm coating and using dry air as carrier gas. The responses

of TiO2 nanotube arrays that are prepared with an aqueous HF

electrolyte to H2 exposure are fully reversible, with an extreme

change in electrical resistance at 290 �C [14,33]. Higher sensi-

tivities were observed for smaller nanotube diameters. In order

to prevent high operating temperatures of the TiO2 nanotube

sensor, the nanotubes were coated with a palladium layer

10 nm thick [15,34,35]. The TiO2 nanotubes that were synthe-

sized with an aqueous HF electrolyte and coated with Pd film

respond to H2 with a change in electrical resistance of 3 orders

of magnitude upon exposure to 1000 ppm H2 at room temper-

ature [15]. But, the TiO2 nanotube arrays that were prepared by

adding acetic acid to the aqueous HF electrolyte, and by coating

fabricated nanotubes with Pd film 10 nm thick respond to

1000 ppm H2 with a change in electrical resistance of approxi-

mately 175 000% at room temperature [34]. On the other hand,

the highest sensitivity is observed for 1 mm length TiO2 nano-

tube [32]. Thus, the hydrogen sensing properties of TiO2

nanotube arrays depend on the electrolyte combination, the

coating catalyst, the carrier gas, the nanotube length, and the

diameter. Similarly, we synthesize TiO2 nanotube arrays using

the aqueous HF electrolyte, and the TiO2 nanotube arrays are

used for hydrogen sensor applications at room temperature

without a thin Pd film coating.

In this study, we synthesize highly-ordered TiO2 nanotubes

by anodic oxidation of titanium foil in an aqueous solution

containing 1 wt% HF at 20 �C, and investigate their hydrogen

sensing properties in terms of the temperature and the
hydrogen concentration. The hydrogen sensing mechanism of

the TiO2 nanotubes will be explained in detail.
2. Materials and method

Highly-ordered TiO2 nanotubes, which are investigated as

hydrogen sensors in this work, were grown by the anodization

of a commercial pure titanium foil (99%) with a thickness of

0.20 mm. The titanium substrates used as anodic electrodes

were mechanically polished with 0.06 mm corn sized colloidal

silica suspension (OP-S) and H2O2 (30%), electrochemically

polished using a solution of 54 mL methanol, 35 mL n-butanol

and 6 mL HClO4, and chemically etched in a solution consists

of 11.4 mL deionized water, 19.4 mL HNO3 (70%), 1.417 mL HF

(38–40%), to receive a clean and mirror like smooth surface.

After every polishing step, the Ti foil is rinsed with deionized

water and dried in a nitrogen stream.

The anodization was carried out in an aqueous electrolyte of

1 wt% HF using a DC power supply and a platinum foil as

cathode in a thermo-stated bath at a constant temperature of

20 �C. All solutions were prepared from reagent grade chem-

icals and deionized water (18 MU). The distance between the

anodic and cathodic electrodes was 20 mm and the total

duration of the anodization time was 45 min. Before the

experiments, the solutions were stirred using a magnetic

stirrer. We used a potential ramp at a rate of 100 mV s�1 from

the open-circuit potential (OCP) to 20 V, and then held this final

potential constant during the anodization process. After the

anodization, the samples were rinsed in deionized water, dried

and characterized. To characterize the morphology, the diam-

eter, and the length of the TiO2 nanotubes, scanning electron

microscopy and energy dispersive X-ray analysis (SEM, Philips

XL 30S) were employed with an accelerating voltage of 10 kV.

The X-ray diffraction (XRD) was performed on a Philips 1820

X-ray diffractometer with Cu Ka radiation (l¼ 1.5418 Å).

In order to improve the hydrogen (H2) sensing properties of

the anodized TiO2 nanotubes, the nanotubes were annealed at

500 �C for 3 h in ambient oxygen to obtain crystallized TiO2 that

have both anatase and rutile phases. At this temperature, the

walls of the TiO2 nanotubes adopt an anatase crystal structure,

which is necessary to achieve the maximum hydrogen sensi-

tivity [36]. Then the hydrogen sensing measurements were

carried out using two platinum pads as electrodes in the

temperature range of 20–150 �C. The sensing element was

placed in a flow type homemade chamber. The current was

measured using a Keithley 6517A Electrometer/High Resis-

tance Meter. During the measurements, the temperature of

the sensor was controlled with a Lakeshore 340 temperature

controller.
3. Results and discussion

3.1. Synthesis of titania nanotubes

We investigate the synthesis of TiO2 nanotubes by the anod-

ization process using an aqueous electrolyte of 1 wt% HF and H2

gas sensing properties of these nanotubes array. During the

anodization, we continuously record the current through the
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electrolyte. Fig. 1 shows the current transients (I� t curves)

recorded for the constant anodization voltage of 20 V in the

aqueous electrolyte of 1 wt% HF. The current decreases rapidly

from 400 mA to a few mA in 25 s and then increases to

a maximum (110 mA) from this point decreases slowly to

a steady-state value (50 mA) in 50 s as seen in Fig. 1. This

behavior is in good agreement with the mechanism described

below.

The formation of the nanotubes is governed by competi-

tion between anodic oxide formation and chemical dissolu-

tion of the oxide as soluble fluoride complexes [19].

i) Oxide growth at the surface of the metal due to the

interaction of metal with O2� of OH� ions.

2H2O / O2þ 4e�þ 4Hþ (1)
TiþO2 / TiO2 (2)

ii) In the presence of fluoride ions, Ti4þ ions arriving at the

oxide/solution interface are resolved to TiF6
2�.

TiO2þ 6F�þ 4Hþ/ TiF6
2�þ 2H2O (3)

The current–time graphics can also explain the pore

formation process [20].

i) A barrier oxide is formed, leading to a current decay.

ii) The surface is locally activated and pores start to grow

randomly. Due to the pore growth the active area

increases and the current increases.

iii) The individual pores start interfering with each other,

and start competing for the available current and then

self-ordering under steady-state conditions is estab-

lished. The steady-state growth can be characterized by

equal rates of TiO2 dissolution (v1) and formation (v2).

After the anodization, the samples are characterized by

scanning electron microscope (SEM) and energy dispersive

X-ray analysis (EDX). Fig. 2a shows the EDX of a typical anod-

ized sample, which is achieved by using the aqueous HF
Fig. 1 – I L t curves at a constant potential of 20 V during

the anodization process.
electrolyte. It can be seen that titanium, oxygen, fluorine, and

gold are present in the sample. The fluorine and gold come into

existence in the EDX analysis because the aqueous HF elec-

trolyte is used for the anodization, and approximately 3 nm

thin gold films are coated onto anodized TiO2 nanotubes with rf

sputtering to obtain a conducting surface for SEM analysis.

Another typical anodized sample, which is produced similarly,

is annealed at 500 �C for 3 h in oxygen ambient. The X-ray

diffraction of the sample that was annealed at 500 �C for 3 h in

oxygen ambient is shown in Fig. 2b. The labels A, R and T

represent the reflections from anatase crystallites, rutile crys-

tallites, and the titanium substrate, respectively. It is clearly

seen from Fig. 2b that both the anatase and rutile phases of TiO2

occur in the sample. Previously, Varghese et al. observed both

the anatase and rutile phases of TiO2 by annealing TiO2 nano-

tubes at 500 �C for 6 h in ambient oxygen [14]. At this critical

temperature value of 500 �C, the walls of the TiO2 nanotubes

adopt an anatase crystal structure, which is necessary to ach-

ieve maximum hydrogen sensitivity, and the barrier layer of

the TiO2 nanotubes adopts a rutile crystal structure [36].

While the potential is kept constant during the anodization,

the current at the initial stage of oxidation cannot be

controlled well. This causes inhomogeneous nucleation and

inhomogeneous oxidation. To prevent this uncontrolled

growth of oxidation, we use a potential ramp at a rate of

100 mV s�1 from the open-circuit potential (OCP) to 20 V, and

keep the potential constant at 20 V for 45 min. The SEM images

of the TiO2 nanotubes that are obtained by applying a potential

ramp at the initial stage are shown in Fig. 3. The top and cross-

sectional views of the nanotube array are shown in Fig. 3a, and

the high magnification of the top view is given in Fig. 3b. The

TiO2 nanotube diameter distribution that is obtained from our

SEM images is not homogeneous, and it is observed to vary

between 40 nm and 110 nm (Fig. 3b). The average diameter of

the nanotubes is 90 nm, and the length is approximately 1 mm.

In a highly acidic solution, the length of the tubes cannot be

increased by prolonging the anodization time. It has previ-

ously been reported that for HF containing electrolytes, the

TiO2 nanotubes were grown only up to a length of approxi-

mately 500 nm [16,20]. But we synthesize highly-ordered TiO2

nanotubes with a diameter of 90 nm and a length of 950 nm.

3.2. Hydrogen sensing properties

The hydrogen sensing measurements are carried out using two

platinum pads as electrodes in a temperature range 20–150 �C.

The sensing element was placed in a flow type homemade

chamber. A constant bias voltage of 1 V is applied to the TiO2

nanotube sensor device, and the change in the DC current is

measured upon exposure to 100–5000 ppm H2 in high purity N2

at different temperatures. The current values versus time for

the TiO2 nanotube sensor at various temperatures are given in

Fig. 4. To establish the baseline, the current is measured under

high purity N2 flow. Then the TiO2 nanotube sensor is exposed

to the desired concentration of H2 for 100 min and purged with

high purity N2 for 100 min at room temperature (Fig. 4a). The

exposing and purging times are 90 min and 60 min at 100 �C and

150 �C, respectively (Fig. 4b and c). The current of the TiO2

nanotube sensor under high purity N2 flow is 0.18 nA, 16 nA,

and 63 nA at 25 �C, 100 �C, and 150 �C, respectively. This



Fig. 2 – a) X-ray diffraction of TiO2 nanotubes annealed at 500 8C for 3 h in ambient oxygen. The labels A, R, and T represent

the reflections from anatase crystallites, rutile crystallites, and the titanium substrate, respectively. b) Energy dispersive

X-ray analysis of TiO2 nanotubes.
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increase in the current with increasing temperature is related to

the semiconductor behavior of TiO2. After the sensor is exposed

to 100 ppm H2 at room temperature, the current increases

rapidly for 20 min, and then the rate of increase slows down.

The current increases from 0.18 nA to 1.91 nA (Fig. 4a). When

the H2 gas is removed by high purity N2 flow, the recovery

appears as a rapid decrease in the current, and then the rate of

this decrease gets smaller. However, the current does not come

down to its baseline for 100 min. Therefore, the sensor should

be purged with high purity N2 for more than 100 min (Fig. 4a).

For the second 100 ppm H2 and successive H2 exposures of the

sensor, similar behavior is obtained (Fig. 4a). The increase in the

current is ascended with increasing concentration of H2. While

the final concentration (5000 ppm) of H2 is removed with high

purity N2, the full recovery is only achieved in approximately

400 min, as seen in Fig. 4a. In addition, the TiO2 nanotube sensor

is also measured at 100 �C and 150 �C by the same way as we

perform the measurements at room temperature. However, the

TiO2 nanotube sensor shows faster full recovery at 100 �C and

150 �C in a shorter time for high purity N2 purging compared to

our results at room temperature, as shown in Fig. 4.

There are four important factors affecting the H2 sensing

properties of TiO2 nanotubes: catalysis nanofilm coating,

carrier gas, nanotube length, and the diameter. Grimes and

coworkers synthesized TiO2 nanotubes with anodization of Ti
Fig. 3 – SEM images of the top view at different magnifications ((a

rate of 100 mV sL1 from the open-circuit potential (OCP) to 20 V

view of the TiO2 nanotubes is given in the left-bottom of the to
foil with aqueous HF electrolytes [16], and then investigated

the H2 sensing properties of these nanotubes with two plat-

inum pads at high temperatures [14,33]. They observed an

extreme change in the electrical resistance of TiO2 nanotubes

when 1000 ppm H2 was exposed to the TiO2 nanotube sensor

at 290 �C, and a higher sensitivity for smaller nanotube

diameters (22 nm) [14,33]. Yamazoe and Shimanoe have

recently developed a new model on the roles of shape and size

of component crystals in semiconductor gas sensors on the

basis of electron-depleted conditions in component crystals

[37,38]. The model confirms that the gas sensitivity increases

with decreasing the crystal size and the sensitivity of nano-

structured spherical and tubular metal oxide structures is

higher than the thin film metal oxide structure.

In order to avoid the high required operating temperature

of the TiO2 nanotube sensor, nanotubes were coated with

a 10-nm-thick discontinuous palladium layer using thermal

evaporation [15,34,39]. They obtained with a change in the

electrical resistance of the TiO2 nanotube sensor of approxi-

mately 4 orders of magnitude in response to 1000 ppm H2 at

room temperature [39]. On the other hand, micrometer-long

undoped TiO2 nanotubes, which were fabricated with anod-

ization using an electrolyte containing potassium fluoride,

sodium hydrogen sulfate monohydrate, and sodium citrate

tribasic dihydrate, exhibited an unprecedented variation in
) 640003 and (b) 1280003) of anodized samples with a ramp

and this voltage then held constant. The cross-sectional

p view (a).



Fig. 4 – Graph of the typical response current versus time for anodized TiO2 nanotubes exposed to 1 ppm, 1 ppm, 2 ppm,

5 ppm, and 10 ppm H2 at temperatures of 25 8C (a), 100 8C (b), and 150 8C (c) (the desired times for exposure to H2 and for purging

under dry nitrogen flow are 100 min, 90 min, and 60 min at temperatures of 25 8C (a), 100 8C (b), and 150 8C (c), respectively).
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their electrical resistance, of about 8.7 orders of magnitude

(50 000 000 000%), at room temperature when exposed to

alternating atmospheres of nitrogen containing 1000 ppm

hydrogen and air [32]. The highest sensitivity was obtained in

the presence of oxygen (with dry air used as the carrier gas)

because oxygen in the air was chemisorbed on the nanotube

surface, leading to an enhanced base resistance. H2 then

removes this chemisorbed oxygen, thus reducing the resis-

tance [32]. In our case, TiO2 nanotubes, which were approxi-

mately 90 nm in diameter, were fabricated with anodization

using aqueous HF electrolyte (1 wt%) and the H2 sensing

properties of these nanotubes without a thin coating of Pd film

were in good agreement with previously reported works at the

measured temperature interval (25–150 �C). It is observed that

the current increases by a factor on the order of approximately

20 when the sensor is exposed to 1000 ppm H2 at room

temperature. This low sensitivity compared to the values

recently reported by Grimes and coworkers at room tempera-

ture [15,32,34,39] could be explained by the fact that our

fabricated TiO2 nanotubes have larger diameters, no thin Pd

film coating is applied, and the sensor is used with N2 as

a carrier gas.

On the other hand, the porous film and nanofiber of TiO2

without catalysis film coating were used for H2 sensor at high

temperature (above 250 �C) [40,41]. Mukherjee et al. found that

the titanium film coated porous TiO2 was less sensitive to

500 ppm hydrogen in air ambient below 300 �C [40]. They

obtained the sensitivity of porous TiO2 approximately 1 for
sample anodized at 50 mA cm�2 in 1 M sulphuric acid when

500 ppm hydrogen exposed to the sensor. In addition, Seo et

al. observed the sensitivity of TiO2 nanotubes’ exposure to

500 ppm hydrogen as approximately 10 without catalysis film

coating at above 450 �C [42]. They fabricated TiO2 nanotubes

by a hydrothermal treatment of TiO2 nanoparticles in a NaOH

solution at the different temperatures. In our case the Pt pad is

played a crucial rule to use TiO2 nanotubes as a sensitive

material at room temperature for hydrogen sensor.

The H2 sensing mechanism of TiO2 nanotubes is explained

by a variety of factors. The primary factor in the interaction

between the nanotubes and hydrogen is the chemisorption of

the dissociated hydrogen on the TiO2 surface [43]. The elec-

trical conductivity of TiO2 nanotubes is enhanced when the

chemisorbed hydrogen acts in the surface states of the

nanotubes. The chemisorption of hydrogen onto the walls and

intertubular connecting points could cause easy charge

transfer with less resistance in tube to tube transfers. Another

factor is that the platinum electrode pads may play a role in

the hydrogen absorption. It is well known that platinum is

a catalyst for hydrogen. Thus, hydrogen can dissociate on

platinum surfaces. These dissociated hydrogen atoms may

spill onto the nanotube surface, where they diffuse into the

nanotube surface [43–45]. Another factor is that anatase, the

polymorph of TiO2, has been reported to be of high sensitivity

toward reducing gases like hydrogen and carbon monoxide

[46]. The hydrogen diffused to the interstitial sites of TiO2. The

c/a ratio of anatase is almost four times that of the normal



Fig. 6 – Graph of sensitivity versus concentration of

hydrogen at temperatures of 25 8C, 100 8C, and 150 8C for

anodized TiO2 nanotubes.
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rutile, so the anatase phase of TiO2 has a greater contribution

to hydrogen sensitivity. At the critical temperature of 500 �C,

the walls of the TiO2 nanotubes adopt an anatase crystal

structure, which is necessary to achieve maximum hydrogen

sensitivity, and the barrier layer of the TiO2 nanotubes adopts

a rutile crystal structure [36]. In our case, the mechanism of

the H2 sensor is made up of only undoped TiO2 nanotubes

annealed at 500 �C for 3 h. The only reason for the low sensi-

tivity is the chemisorption of H2.

In order to compare the response times, the parameter t90

was defined as the time it takes for the sensor signal to reach

90% of its saturation value. The response time (t90) of the TiO2

nanotube sensor is 65 min at room temperature and decreases

to 30 min with increasing temperatures. The diffusivity of the

H atoms increases rapidly with increasing temperature,

causing a decreasing response time (t90). This higher response

time is related to the chemisorption of H2 on the TiO2 nano-

tube sensor. On the other hand, the sensitivity is defined as

S ¼ Ig � I0

I0
; (4)

where Ig is the current after the sensor is exposed to H2, and I0
is the reference value of the sensor device exposed to high

purity N2. Fig. 5 shows the sensitivity versus time when the

TiO2 nanotube sensor is exposed to 100 ppm H2 at different

temperatures. The sensitivity increases from 10 to 18 with

increasing temperatures under exposure to 100 ppm H2.

Fig. 6 shows the sensitivity versus the concentration of H2

for the TiO2 nanotube sensor at desired temperatures. A

nonlinear relationship, which could be related to Langmuir

isotherms, between the sensitivity and concentration was

obtained for all temperatures. Previously, the concentration

dependent sensitivity of the TiO2 nanotubes for H2 sensors

was well represented by Langmuir isotherms [33]. The

dependence of the sensitivity on the H2 concentration is

nearly linear at low concentrations, and the sensitivity
Fig. 5 – Graph of sensitivity versus time for anodized TiO2

nanotubes at temperatures of 25 8C, 100 8C, and 150 8C

while exposed to 100 ppm H2.
appeared to saturate for high concentrations above 1000 ppm

H2 at the desired temperatures. The sensitivity increases from

17 to 28 for 1000 ppm H2 with increasing temperatures, and

the highest sensitivity is observed at 150 �C.
4. Conclusions

Vertically oriented TiO2 nanotube arrays that are approxi-

mately 1 mm in length and 90 nm in pore diameter are fabri-

cated with the anodization method using an aqueous HF

electrolyte (1 wt%) at a 20 �C anodization temperature. Our

TiO2 nanotubes are observed to be longer than those in

previous reports that also used aqueous HF electrolytes. This

could be related to our use of a potential ramp at a rate of

100 mV s�1 from the open-circuit potential (OCP) to 20 V, fol-

lowed by holding this final potential constant. The fabricated

TiO2 nanotubes are annealed in a dry air atmosphere at 500 �C

for 3 h to obtain high sensitivity to hydrogen. The hydrogen

sensitivity of the synthesized nanotubes increases nearly

tenfold, from 10 to 18, with increasing temperature (25–150 �C)

for 100 ppm H2. In summary, it was demonstrated that TiO2

nanotube sensors that are prepared using anodization can

successfully be used as hydrogen sensors at low temperatures.
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