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Abstract

In this work, un-doped and carbon (C) doped TiO2 nanotubes were fabricated and their hydrogen sensing properties were investigated. A Ti
foil was anodized in an aqueous hydrofluoric acid (HF) electrolyte (0.5 wt%) at room temperature to form TiO2 nanotube arrays. C-doped TiO2

nanotubes were obtained through two methods; a chemical process and thermal acetylene (C2H2) treatment. In the chemical method, a Ti foil was
anodized ‘in-situ’ in aqueous solution of 0.5 wt% polyvinyl alcohol (PVA)+0.5 wt% HF. In the heat treatment method, a Ti foil was anodized in
an aqueous (HF) electrolyte (0.5 wt%) to obtain TiO2 nanotubes, and then C-doped TiO2 nanotubes were obtained by heating as-prepared
nanotubes at 500 1C in a quartz tube under a continuous N2 and C2H2 flux (1:1). The obtained un-doped and C-doped TiO2 nanotubes were
characterized by scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS).
The H2 sensing properties of the nanotubes exposed to 5000 ppm H2 were investigated at 100 1C. C-doped TiO2 nanotubes showed a lower
response to H2 than the undoped TiO2 nanotubes.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

TiO2 nanotube arrays have been used in a wide range of
application areas such as photo electrochemical materials, dye-
sensitized solar cells [DSSC], hydrogen (H2) sensors, oxygen
(O2) sensors, bio-sensing and biomedical applications, and
catalyst support [1–6]. Anodic porous TiO2 and TiO2 nano-
tubes were first synthesized using hydrofluoric acid (HF)
electrolyte by Zwilling et al. [7] and Gong et al. [8]
respectively. Thereafter, many studies succeeded in controlling
and extending nanotube morphology, length, pore size, and
wall thickness [1–5]. TiO2 nanotubes were doped with various
non-metal elements such as carbon [9], nitrogen [10], and
boron [11], and metal elements such as zinc [12], chromium
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[13], cobalt [14], silver [15], tin [16], and iron [17] for band
gap engineering. In general, the doping of TiO2 nanotubes has
been investigated, in particular for photocatalytic and photo-
voltaic applications.
Many investigations have been performed on the hydrogen

gas sensing properties of TiO2 nanotube arrays, especially at
room temperature, and the results showed that they have
excellent response to hydrogen [1–6,18–25]. To improve the
sensor parameters such as the sensitivity, the response time,
and the recovery time and to reduce the optimal working
temperature, researchers have been focused on doping of TiO2

nanotubes and other TiO2 nanostructures with different types
of elements. There are a limited number of investigations about
the gas sensing properties of doped TiO2 nanostructures in the
literature. Liu et al. recently investigated hydrogen sensing
with Nb-doped TiO2 nanotubes prepared by the anodization of
TiNb alloy, and found that the Nb-doped nanotubes demon-
strated a good sensitivity for the wide-range detection of both
dilute and high-concentration hydrogen atmospheres ranging
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from 50 ppm to 2% H2 [25]. Wang et al. described nitrogen-
doped TiO2 nanotubes film for humidity sensor that had good
thermal stability [26]. They fabricated N-doped TiO2 nano-
tubes in order of following processes; Ti foil were anodized to
form TiO2 nanotubes, and the synthesized TiO2 nanotubes were
immersed in ammonia for 24 h, and then annealed at the
temperature of 600 1C for 2 h in a nitrogen atmosphere. Mardare
et al. prepared Pd-doped TiO2 thin films (0.5 wt%) using the
sol–gel technique (dip coating) on glass and silicon substrates
and observed an increase in the sensitivity of TiO2 films with Pd
doping [27]. Li et al. reported a highly sensitive and stable
humidity nanosensor based on LiCl doped TiO2 nanofibers,
which had large scale product uniformity with the fiber
diameters ranging from 150 to 260 nm, through electrospinning
and calcination techniques [28]. Moon et al. synthesized Pd-
doped TiO2 nanofibers by electrospinning, and investigated the
NO2 gas sensing properties of the nanofibers [29]. They found
that a Pd-doped TiO2 nanofiber sensor shows considerable
enhancement in the NO2 sensitivity and a lower working
temperature compared to a pristine TiO2 nanofiber sensor.

C-doped TiO2 nanotubes have been fabricated with various
methods [5,9,30–35] and used for optical applications in
general. Park et al. reported fabrication of C-doped TiO2

nanotubes [9]. After anodizing, the TiO2 nanotubes were
annealed at 450 1C in oxygen for 1 h. The nanotubes were
subsequently annealed at high temperatures (500–800 1C)
under a controlled CO gas flow to produce C-doped nanotubes
[9]. They observed no significant morphological changes, and
the doping concentration of carbon in the TiO2 nanotube array
could be controlled between 8% and 42%, depending on
annealing temperature under the CO flux [9]. Hu et al.
incorporated C into TiO2 nanotubes by annealing the as-
formed nanotubes in a continuous flow of Ar and acetylene
gases, and then investigated the photocatalytic activity by
evaluating the photo degradation of aqueous methyl blue under
sunlight illumination [30]. Hahn et al. performed carbon doping
by annealing the TiO2 nanotubes in N2 and an acetylene gas
mixture at 500 1C [31]. Xu et al. pursued the carbon doping of
TiO2 nanotubes by annealing them in air at 500 1C for 1 h, and
using natural gas flame oxidation at 820 1C for 18 min [32].
They found no significant change in their quantum efficiency
over the visible range. Mazare et al. investigated the effect of
flame annealing on the water-splitting properties of TiO2

nanotubes that prepared with anodization method [36]. They
found that flame annealed nanotubes showed a two-fold
increase in the maximum water-splitting efficiency under
standard AM 1.5 conditions compared to classic annealing
treatments and the high efficiency was mainly explained with
higher rutile content in the tube walls without a thermal
degradation of the tube morphology and carbon doping had a
minor contribution to the high efficiency. In addition, they
studied the modification of TiO2 nanotubes by flame annealing
depending on anodization electrolyte, tube length, tube dia-
meter and flame annealing parameters and investigated photo-
electrochemical properties of the modified TiO2 nanotubes [37].
The gas sensing properties of C-doped TiO2 nanotubes has not
been investigated yet.
In this study, C-doped TiO2 nanotubes were prepared by the
wet chemical method and heat acetylene treatment. The H2

sensing properties of un-doped and C-doped TiO2 nanotubes
were investigated at 100 1C.

2. Experimental details

Pristine TiO2 nanotubes were synthesized in an aqueous
electrolyte of 0.5 wt% HF with a constant anodization voltage
of 20 V for 45 min. Pre-cleaned Ti foil was anodized using a
dc power supply and a platinum foil as the cathode in a
thermo-stated bath at a temperature of 20 1C. In order to
fabricate C-doped TiO2 nanotube with the chemical method,
pre-cleaned Ti foil was anodized in-situ in an aqueous
electrolyte containing polyvinyl alcohol (PVA, 0.5 wt%) and
HF (0.5 wt%) by using same conditions that used for synthe-
sizing the un-doped TiO2 nanotubes. All solutions were
prepared from reagent grade chemicals and deionized water
(18 MΩ). Before the anodization experiments, the solutions
were stirred using a magnetic stirrer. After the anodization, the
samples were rinsed in deionized water and then dried. All
samples were annealed under dry air flow at a temperature of
500 1C for 3 h to obtain crystallized TiO2 with both anatase
and rutile phases. In addition, the following procedure was
applied for the production of C-doped TiO2 nanotubes with
thermal acetylene (C2H2) treatment. The pristine TiO2 nano-
tubes were fabricated by using the anodization parameters that
mentioned above (solution: aqueous 0.5 wt% HF electrolyte,
anodization potential: 20 V, anodization time: 45 min). Then,
the as-prepared (pristine) nanotubes were heated from room
temperature to 500 1C in a quartz tube under N2 flow. At a
temperature of 500 1C, the nanotubes were treated under a
continuous N2 and C2H2 flux (1:1) for 10 min. Then, the
treated TiO2 nanotubes were cooled down to room temperature
under a N2 flow.
The morphologies of the un-doped and doped TiO2 nano-

tubes were characterized by scanning electron microscopy
(SEM, Philips XL 30S), and the elemental contents were
determined by energy-dispersive X-ray analyses. The chemical
compositions of the C-doped TiO2 nanotubes were studied by
X-ray photoelectron spectroscopy (XPS) analysis using a
Phobus 150 Specs electron analyzer with a conventional
X-ray source (Al Kα). To determine the thickness, the XPS
signal of Ag 3d5/2 attenuation was used as a function of the
time of metal exposure. The amount of loading was calculated
using the formula developed by Tanuma, Powell, and Penn
(the TPP formula) [38]. The atomic ratios of Ti, C and O were
calculated using the density of each element. In addition, the
crystallinity of the samples was established by X-ray diffrac-
tion (XRD, Philips 1820 X-ray diffractometer with Cu Kα
radiation, λ¼1.5418 Å)
The hydrogen gas sensing properties of un-doped TiO2

nanotubes and C-doped TiO2 nanotubes that were fabricated
by the chemical process were investigated at a temperature of
100 1C in a flow type home-made chamber. Silver paste was
used to make direct electrical contact on the nanotube array
with copper wires. Fig. 1 shows a schematic illustration of the



Fig. 1. Schematic illustration (a) and photograph (a) of the electrical contact of
the TiO2 nanotube sensor device.
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electrical contact of the sensor device and a photograph of the
device. Previously we used two spring-loaded platinum pads
for electrical contacts [19]. It was difficult to apply the same
pressure to the pads, and the electrical current between the
pads varied with changing pressure. So, reproducible and
repeatable sensor measurements with spring-loaded pads was
dependent on pressure and was very difficult. In this study,
silver epoxy was pasted directly on to TiO2 nanotubes and on
to Au thin film that was deposited on TiO2 nanotubes with
thickness of approximately 150 nm, in order to fix contacts, as
seen in Fig. 1(b). But silver epoxy has two major problems;
diffusion into the nanotube and contamination [18]. On the
other hand, these problems do not prevent the comparison of
the H2 gas sensing properties of un-doped and C-doped TiO2

nanotubes with silver paste contacts. A constant voltage was
applied to un-doped and C-doped TiO2 nanotube devices, and
then the current of the devices was continuously measured
using a Keithley 6517A Electrometer/High Resistance Meter
and recorded using an IEEE 488 data acquisition system
incorporated into a PC during the measurements. The sensor
devices were exposed to a concentration of only 5000 ppm
H2 gas.

3. Results and discussion

Fig. 2 shows the top and cross sectional SEM images of un-
doped TiO2 nanotubes (a–c), and C-doped TiO2 nanotubes that
the C-doped nanotubes fabricated by using the chemical
process (d–f). Tubular structures are clearly observed in all
SEM images, but some parts of the C-doped TiO2 nanotubes
are covered with C (Fig. 2d and e). Similarly, the same images
were obtained for C-doped TiO2 nanotubes that were prepared
with thermal acetylene (C2H2) treatment. The diameters of the
un-doped and C-doped TiO2 nanotubes are not homogeneous
and vary between 40 nm and 110 nm, as seen in Fig. 2(b and e).
The wall thickness and the tube length of the both un-doped and
C-doped TiO2 nanotubes are observed to be approximately
10 nm and above 300 nm, respectively (Fig. 2b, c and e, f). The
formation mechanism of TiO2 nanotubes fabricated by using an
aqueous HF electrolyte with anodization is well known [1–4].
The rate of oxide formation and the rate of oxide dissolution are
crucial to obtain the nanotubes. TiO2 nanotubes are formed
while both the formation and the dissolution rates are approxi-
mately equal.
Fig. 3(a) shows the EDX pattern of C-doped TiO2 nanotubes

prepared with the chemical process. C, Ti and O peaks are
clearly seen from the EDX graph. Similarly, the same peaks are
observed for C-doped TiO2 nanotubes that were fabricated with
thermal C2H2 treatment. Fig. 3(b) gives the XRD spectrum of
un-doped and C-doped TiO2 nanotubes for which the C doping
is performed with the chemical process. The labels A, R and T
represent the reflections from anatase crystallites, rutile crystal-
lites, and the titanium substrate, respectively. Fig. 3(b) clearly
shows that both the anatase and rutile phases of TiO2 occur in
the samples of C-doped and un-doped TiO2 nanotubes.
Previously, Varghese et al. found that the walls of the
nanotubes adopt an anatase crystal structure and the rutile
crystallite formation occurs at the interface between nanotubes
for TiO2 nanotubes annealed at 480 1C under dry air [39].
Fig. 4(a) shows the XPS spectrum of C-doped TiO2

nanotubes that are prepared by using the chemical process.
Ti2s, Ti2p, O1s and C1s peaks are clearly observed in the XPS
analysis (Fig. 4a). Similar results are observed for C-doped
TiO2 nanotubes that are fabricated by using thermal C2H2

treatment. Fig. 4(b and c) shows the C1s XPS spectrum of
C-doped TiO2 nanotubes that are prepared by the chemical
process and by the thermal C2H2 treatment. The peak areas of
C1s are calculated using fitting procedure after the subtraction
of background of the peak. The XPS analysis (Fig. 4b and c) of
C-doped TiO2 nanotubes that are synthesized with both the
chemical process and thermal C2H2 treatment, shows three
peaks at approximately 284.8 (C–C bond), 286.7 (C–O bond)
and 289 (CQO bond) eV. The peaks at 284.8, 286.7 and
289 eV correspond to graphitized carbon, doped carbon in
TiO2 and carbonate species, respectively [33]. Fig. 4(b and c)
clearly shows that the intensity of the graphitized carbon peak
is higher than that of the doped carbon peak in TiO2 and the
carbonate peak. The carbon doping ratio is described as the
ratio of doped carbon in TiO2 to all of the carbon. The doping
ratio is calculated to be 36% and 24% for C-doped TiO2

nanotubes that are synthesized with the chemical process and
the thermal C2H2 treatment, respectively. Thus, the chemical
process is more efficient to dope TiO2 nanotubes with a high
doping ratio. Valentin and colleagues [40] described the
possible positions for the presence of carbons atom in the



Fig. 2. Top and cross sectional SEM images of un-doped (with different magnifications (a) 50,000� top image, (b) 180,000� top image, and (c) 120,000� cross
sectional image), and of C-doped TiO2 nanotubes fabricated by using the chemical process (with different magnifications (d) 50,000� top image, (e) 180,000�
top image, and (f) 120,000� cross sectional image).
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anatase TiO2: (i) the substitution of the oxygen lattice with
carbon atoms, (ii) the replacement of Ti atoms with C atoms,
and (iii) the stabilization of an interstitial position by carbon. In
our case, the second situation could explain C doping process
in TiO2 nanotubes.

Fig. 5 shows the current versus time behavior of un-doped
and C-doped TiO2 nanotube sensors exposed to 5000 ppm H2 at
100 1C. The base line currents of the un-doped and C-doped
TiO2 nanotubes were approximately 5 nA and 300 nA, respec-
tively. Thus, the conductivity of the TiO2 nanotubes increased
with C doping, and this behavior can be mainly attributed to the
reduced band gap of TiO2 with C doping. The exposure to
5000 ppm H2 caused an increase in current in both the un-doped
and C-doped TiO2 nanotubes, as shown in Fig. 5(a and b). The
change in the electrical current of the C-doped TiO2 nanotubes
is low when the device is exposure to 5000 ppm H2. The H2

sensitivity of the un-doped TiO2 nanotubes was higher than that
of the C-doped TiO2 nanotubes as shown in Fig. 5. Previously,
the H2 gas sensing properties of pristine TiO2 nanotubes were
investigated in the concentration range 100–5000 ppm and it
was observed that limit of detection was lower than 100 ppm
[19]. The low sensitivity of the C-doped TiO2 nanotubes could
be explained with high ratio of graphitized and carbonates
carbons on the surface of TiO2 nanotubes. On the other hand,
the porosity of C-doped TiO2 nanotube have little difference
from un-doped TiO2 nanotubes due to coverage of graphitized
and carbonates carbons on some part of the surface as seen in
cross sectional and top SEM images of them (Fig. 2a–f), but this



Fig. 3. EDX pattern of C-doped TiO2 nanotubes prepared with the chemical
process (a) and XRD spectrum of un-doped and C-doped TiO2 nanotubes
where the C doping was conducted with the chemical process (b).

Fig. 4. XPS spectrum of C-doped TiO2 nanotubes that were prepared by using
the chemical process (a), C1s XPS spectrum of a TiO2 nanotubes prepared by
the chemical process (b) and thermal C2H2 treatment (c).

N. Kılınç et al. / Ceramics International 40 (2014) 109–115 113
low porosity difference could not be reason for low sensitivity.
The ad/absorbtion of H2 in TiO2 nanotube causes dissociating
H2 molecules at the defects on the nanotube surface [18,41,42].
The major defects on the TiO2 nanotube surface were oxygen
vacancies because oxygen vacancies occur under high purity N2

flow. The dissociated hydrogen could diffuse into the TiO2

lattice and act as electron donors [18,41,42].
In general, there are two main factors to explain the increase

in the current of TiO2 when exposure to H2. First, the
chemisorbed oxygen on the surface of TiO2 reacts with H2

molecules and this leads to electron transfer from chemisorbed
oxygen to TiO2. For semiconductor gas sensors, this mechan-
ism is the most well-known [43]. The second mechanism is
based on Schottky barrier height between metal electrode and
TiO2. The dissolution of H2 in to metal electrode causes a
decrease in work function of the electrode and then Schottky
barrier height at the interface between the electrode and TiO2

decreases [44,45]. Egashira and co-workers investigated H2

sensing properties of TiO2 thin films that equipped with
different kinds of metal electrodes and discussed sensing
mechanism [44]. In our case, the increase in the current of
both un-doped and C-doped TiO2 nanotubes can be explained
with decreasing Schottky barrier height at the interface
between the electrode and the nanotubes. Nitrogen is used as
carrier gas and the first sensing mechanism is not convenient
for this case due to the deficiency of oxygen.
4. Conclusions

In summary, this study presented C-doped TiO2 nanotubes
fabricated with different methods. C doping into TiO2 material
was achieved by using a wet process and heat acetylene
treatment. The high carbon doping ratio was observed for
C-doped TiO2 nanotubes prepared with the chemical process.
The morphologies of the TiO2 nanotubes changed with C
doping for both doping processes because some parts of the
tubular structure were covered with graphitized and carbonate
carbon. The H2 gas sensing properties of the un-doped and



Fig. 5. Sensor response versus time for un-doped (a) and C-doped (b) TiO2

nanotubes at 100 1C exposed to 5000 ppm H2.
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C-doped TiO2 nanotubes was investigated at 100 1C, and the
conductivity of the C-doped TiO2 nanotubes was higher than
that of the un-doped TiO2 nanotubes. In addition, the carbon
doping made the TiO2 nanotubes less selective towards H2 gas.
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