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a  b  s  t  r  a  c  t

Titania  nanotubes  (TNTs)  were directly  synthesized  on  titanium  thin-film  deposited  on  plastic  substrates
by  electrochemical  anodization  in ethylene  glycol  (EG)-based  electrolyte  containing  ammonium  fluoride
(NH4F)  and  water  (H2O). The  effect  of  various  anodization  conditions  such  as  growth  time,  H2O  content  in
electrolyte,  anodization  voltage,  and  electrolyte  temperature  on  the morphologies  of resultant  TNTs  was
investigated.  It was  found  that the addition  of  moderate  amount  of  H2O in  electrolyte  and  subsequent
HF  treatment  were  beneficial  to  the formation  of micrometer-long  TNTs  with  open  and  regular  tubular
surfaces.  After  transition  from  amorphous  to  anatase  phase  by thermal  annealing  at  350 ◦C, the  TNTs
were  employed  as  flexible  chemoresistive  sensors  for detecting  carbon  monoxide  (CO)  and  ammonia
lastic substrates
lexible gas sensors

(NH3)  gases.  The  gas  sensing  performance  of the  flexible  TNT  sensors  was  characterized  by  measuring
the  changes  in  electrical  current  due  to exposure  to test  gases  and  the corresponding  gas  responses.  The
sensor  responses  were  considerably  stable  and  reversible  even  under  repetitive  gas  exposure  at  different
concentrations.  In  addition,  the  gas  responses  were  also  found  to  be  linear  with  respect  to  different
concentrations  of  test  gases  and  fairly good  even  at relatively  low  concentration.
. Introduction

Over the past decade, highly-ordered titania nanotube (TNT)
rrays have attracted great attention due to their large specific sur-
ace areas and superior catalytic reactivities, which are crucial to

aximize the efficiency of titania-based semiconducting devices.
ased on the unique physical and chemical properties of TNTs, their
otential applications have been increasingly explored includ-

ng gas sensors [1–5], dye-sensitized solar cells (DSSCs) [6–15],
hotocatalysts [16–20], electrochromic devices [21–25], humid-

ty sensors [26,27], and so on. In recent years, many different
pproaches to synthesize TNTs have been investigated, such as
ol–gel process [14,28,29], template-assisted atomic layer depo-
ition (ALD) [19,30–32], hydrothermal method [15,20,33,34], and
lectrochemical anodization of titanium (Ti) [1–13,16–18,21–27].

f these, anodization process has gained remarkable attention
ue to simple and cost-effective fabrication, and potential pro-
ess scalability to large area. In addition, anodization approach
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enables to precisely control the morphologies (height, diame-
ter, and wall thickness) of TNTs while retaining regular ordering
by optimizing the process conditions such as electrolyte sys-
tems (aqueous and non-aqueous electrolytes) and anodization
parameters (anodic voltage, anodization time, composition and
temperature of electrolyte). More recently, as the growing demands
for flexible electronics with new functionalities such as mechanical
bendability, many researchers have tried to demonstrate TNT-
based devices as flexible architectures to extend their potential
applications. Several flexible applications have been demonstrated
by anodizing Ti foils with the thickness of typically a few hundred
micrometers [35–37]. Although this approach makes it possible
to fabricate flexible TNTs with the help of flexible nature of Ti
foils, their practical use would be limited by difficulty in integra-
tion with other circuits or systems through a batch-processing.
Some researchers have developed a new class of TNT-based flex-
ible devices by the electrochemical anodization of Ti meshes or
wires instead of flat foils, resulting in improvement of the mechan-
ical flexibility [38–40]. Nevertheless, this strategy still suffers from
incompatibility with microfabrication technologies. In addition,

more recently, highly-ordered TNT membranes, which are carefully
detached from mother Ti foils after anodizing, have been trans-
ferred onto other flexible substrates [41]. However, this method
includes some cumbersome processes such as detachment and
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anual assembly of freestanding TNT membranes, resulting in
omplex fabrication. In addition, low production yield would also
e unavoidable in this approach due to the brittleness of TNT mem-
ranes. Therefore, it is of great technological interest to synthesize
NTs from Ti thin-films prepared on desired substrates in order to
vercome the limitations of the bulky Ti foil-based approaches. For
hese reasons, many attempts are currently carrying out to grow
NTs directly from Ti films deposited on various functional sub-
trates such as transparent glass [42,43], conducting glass [44–46],
ilicon [43,47], metal alloy [48], and alumina [43,49] by employing
puttering or evaporation techniques. Nevertheless, to date, there
re few reports dealing with the parametric investigation of TNTs
repared directly on plastic substrates.

This paper reports parametric studies on the synthesis and
orphologies of titania nanotube (TNT) arrays by electrochemical

xidation of Ti thin-film on plastic polyimide (PI) substrates under
arious anodization conditions for flexible applications. As a poten-
ial demonstration, gas sensing properties of the TNT-based flexible
hemoresistive sensors are investigated.

. Experiment details

.1. Synthesis and characterization of TNT arrays on plastic
ubstrate

In the present study, a polyimide (PI; Kapton 500 HN, Dupont)
lm with the thickness of ∼125 �m was used as a flexible sub-
trate because of its superior glass-transition temperature (Tg) as
igh as 360 ◦C. The high Tg of PI substrates is suitable for withstand-

ng during the crystallization of TNTs at high temperature without
ppreciable degradation in the mechanical and chemical proper-
ies. ∼2-�m-thick Ti film was deposited on a cleaned PI substrate
y radio frequency (RF) magnetron sputtering under a working
ressure of 5 × 10−3 Torr and sputtering power of 200 W.  The sub-
trate temperature was kept at 300 ◦C during sputtering process to
mprove both the density of the films and adhesion between the
lms and substrates. Highly ordered TNT arrays were synthesized
hrough an electrochemical anodization of Ti films prepared on PI
ubstrates with a fixed area of 1.5 cm × 1 cm in a two-electrode sys-
em. A platinum (Pt)-coated Ti plate with an area of 5 cm × 6 cm was
mployed as a counter electrode. During anodization, the distance
etween the sample and counter electrode was constantly kept at

 cm.  The prepared electrolyte was stirred magnetically for 1 h prior
o all the anodization experiments.

The anodization process was conducted in a bath containing
.75 wt% NH4F and H2O (2–10 vol%) in ethylene glycol (EG) solution
total volume of electrolyte: ∼200 mL)  for 10–30 min. The anodic
otential (20–60 V) was applied using a DC power supply (Xantrex,
FR 600-2) in a potentiostatic mode with an increase rate of ∼1 V/s.
he temperature (5–40 ◦C) of electrolyte solution was precisely
ontrolled during the anodization by a high/low-temperature bath
irculator (JEIO TECH, RW-1025G). All the samples anodized under
arious conditions were further cleaned through a sonication pro-
ess in a bath containing 0.05 wt% HF solution for 5 min  to obtain
pen and regular nanotubular surfaces (hereafter, this cleaning pro-
ess is referred to as the HF treatment). Finally, the prepared TNTs
ere thermally annealed at 350 ◦C in ambient air for 3 h in order to

ransform the as-anodized amorphous TNTs into the anatase crystal
hase.

For the morphological characterization of the prepared TNTs,
eld emission scanning electron microscope (FESEM; HITACHI,

4700) was employed. High magnification morphologies and struc-
ures were investigated using transmission electron microscopy
TEM; JEOL, JEM 2100F), high resolution TEM (HRTEM), and selected
rea electron diffraction (SAED). The phase transition due to
tors B 199 (2014) 361–368

post-annealing was analyzed by X-ray diffraction (XRD; PANalyti-
cal, Empyrean Series 2) with CuK˛ radiation.

A mechanical bending test of the TNTs prepared on PI substrates
was performed under deformation at various bending radii after
integrating them onto a home-made manual jig while monitoring
the resultant electrical resistance of TNTs using a digital multime-
ter.

2.2. Fabrication and characterization of TNT-based flexible gas
sensor

TNT-based flexible gas sensors were demonstrated by forming
interdigitated sensing electrodes on TNT arrays prepared on PI sub-
strate through standard microfabrication technologies. In detail, a
1.4-�m-thick photoresist (PR; Clariant, AZ5214) mold with a neg-
ative sidewall profile was first patterned on the TNT arrays. The
interdigitated electrodes were then produced by the deposition
of a 150-nm-thick aluminum (Al) layer using a thermal evapora-
tion technique, followed by a lift-off process in an ultrasonic bath
containing acetone.

The sensing properties of the fabricated TNT-based flexible gas
sensors were investigated by characterizing the electrical proper-
ties of TNTs in response to different test gases such as CO and NH3
under vacuum. For the measurements, 20% oxygen (O2) in nitro-
gen (N2) was  employed as a carrier gas to simulate normal air
conditions, and high-purity (>99.999%) test gases were supplied
from gas cylinders with a concentration of 1000 ppm. The concen-
trations of the carrier and test gases injected to sensing chamber
were precisely controlled by distinct mass-flow controllers (MFCs)
connected to a computer equipped with Labview interfaces. Subse-
quently, the gases were mixed with a gas-mixer before introducing
to the sensing chamber. During the measurement, the tempera-
ture in the sensing chamber was uniformly retained at 350 ◦C with
a heating stage connected to a temperature control module. The
changes in the electrical current of the sensors due to gas expo-
sure were measured by a parameter analyzer (4200-SCS, Keithley).
The gas response of the sensors was evaluated by the percentile
electrical current change when the devices were exposed to gas
molecules.

3. Results and discussion

3.1. Morphological studies of TNTs on plastic substrate

Fig. 1(a)–(c) shows the surface morphologies of TNTs anodized
in 0.75 wt% NH4F/EG electrolyte containing 2 vol% H2O under
anodization voltage of 40 V and electrolyte temperature of 25 ◦C for
10, 20, and 30 min, respectively. The resultant heights of TNTs are
plotted in Fig. 1(d) with insets of the corresponding cross-sectional
SEM images. Although the heights of TNTs were linearly increased
as increasing the anodization time of up to 30 min, tubular struc-
tures were not seen on the surfaces of the anodized samples,
as shown in Fig. 1(a)–(c). Moreover, surface morphologies of the
samples were not significantly changed regardless of the post HF
treatment. This means that compact oxide layer established in the
early stages of the anodization process is quite strongly attached
to TNTs, while entirely covering them. In general, the compact
oxide layer can fully be dissolved by considerably increasing the
anodization time [46]. However, a long synthesis time is not ade-
quate for the anodization of Ti thin-film, because initial thickness
of the sputter-deposited Ti is limited typically to a few microme-

ters. Moreover, the over-anodization might result in detachment
of TNTs from the substrate by excessively consuming the underly-
ing Ti film. Therefore, the anodization conditions must be carefully
optimized to obtain clean tubular surface morphologies of TNTs
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ig. 1. Morphologies of TNTs anodized in 0.75 wt%  NH4F/EG electrolyte containing
ifferent anodization times (after HF treatment). (a)–(c) SEM images of surface mo
NTs  as a function of anodization time (inset: cross-sectional SEM images of each s

uring anodization of Ti thin-films on plastic substrates for their
otential flexible applications.

Increase of H2O contents in electrolyte can be one of the easiest
pproaches to remove the compact oxide layer by accelerating the
hemical dissolution of the oxide. Fig. 2(a) shows the SEM images
f surface morphologies of TNTs prepared in electrolyte with the
ncreased H2O content (10 vol%) and subsequently sonicated in
iluted HF solution. The insets of Fig. 2(a) show the corresponding
urface morphologies of TNTs before the HF treatment. Although
he porous surface morphologies of TNTs became apparent after
he HF treatment, tubular structures did not appear on the surface
ith the anodization time of up to 20 min. However, many portions

f the compact oxide layer were chemically dissolved during the
nodization for 30 min, partially revealing the underlying regular
NTs. After the subsequent HF treatment, perfectly clean tubular
urfaces of TNTs appeared, as shown in Fig. 2(a). This suggests that
ufficient reaction time is still required for the preparation of clean
ubular morphologies of TNTs even when the H2O content in elec-
rolyte was increased. However, the heights of TNTs were gradually
ecreased with the increased H2O contents, as shown in Fig. 2(b).
his mainly originates from the fact that the higher H2O contents
esult in the faster dissolution of the oxide by a local acidification
t the pore bottom due to the increase of H+ ions in electrolyte. In
his context, further increase of H2O contents is undesirable for the
ractical applications that require the large specific surface area.
ig. 2(c) shows the heights of TNTs anodized in electrolyte con-
aining 10 vol% H2O, indicating the linear relationship with respect
o the anodization time. In particular, the heights of TNTs were
etained without significant changes even after the HF treatment.
his suggests that the combination of moderate amount of H2O

ddition and subsequent HF treatment is effective in obtaining
icrometer-long TNTs with clean surface morphologies.
The anodization voltage and electrolyte temperature are also

mportant influential factors for tailoring the rates of field-assisted
% H2O under anodization voltage of 40 V and electrolyte temperature of 25 ◦C for
ogies of TNTs anodized for 10, 20, and 30 min, respectively, and (d) the heights of
).

oxidation and chemical (and field-assisted) dissolution, resulting
in control of TNT architectures. Fig. 3 shows the morphological
changes of TNTs anodized in 0.75 wt% NH4F/EG electrolyte con-
taining 10 vol% H2O under different anodization voltages (20, 40,
60 V) and electrolyte temperatures (5, 25, 40 ◦C) for 30 min. The
insets of Fig. 3 show the SEM images of cross-sections and sur-
face morphologies of each sample. As shown in Fig. 3, the heights
and inner diameters of TNTs were increased as increasing the
anodization voltage and electrolyte temperature, indicating similar
tendency. The surfaces of TNTs were partially and entirely covered
with compact initial oxide layer even after the HF treatment under
anodization voltage of 20 V and electrolyte temperature of 5 ◦C.
This means that the electrochemical reactions are insufficient for
obtaining clear morphologies in these anodization conditions. At
the elevated anodization voltage and electrolyte temperature, the
heights and inner diameters of TNTs were accordingly increased,
revealing clear tubular structures. Interestingly, increase rates of
the inner diameters were found be higher than those of the
heights in both cases applying the elevated conditions, as shown
in Fig. 3. This might be due to greatly enhanced chemical and
field-assisted dissolution of the oxide compared to promotion of
electrochemical oxidation of Ti film under the elevated condi-
tions. First, the mobility of F− ions in electrolyte would be more
increased due to decrease in viscosity of electrolyte at elevated tem-
perature, resulting in faster chemical dissolution of the oxide. In
addition, increase in electric field intensity at higher anodization
voltage would lead to a significant acceleration of field-assisted
dissolution of the oxide. In this case, it should be noted that
the specific surface areas can be decreased both under anodiza-
tion voltage of 60 V and electrolyte temperature of 40 ◦C. This

would be probably due to decrease in the number of TNTs in
equivalent area, because pore diameters of TNTs are more rapidly
increased, although the heights are also increased at the elevated
conditions [9].
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Fig. 2. (a) SEM images of surface morphologies of TNTs anodized in 0.75 wt%  NH4F/EG electrolyte containing 10 vol% H2O under anodization voltage of 40 V and electrolyte
temperature of 25 ◦C for different anodization times (after HF treatment) (insets: SEM i
content  (insets: cross-sectional SEM images of each sample and typical current-time cha
before  and after the HF treatment as a function of anodization time (insets: cross-section

Fig. 3. Morphologies of TNTs anodized in 0.75 wt%  NH4F/EG electrolyte containing
10  vol% H2O under different anodization voltages and electrolyte temperatures for
30 min  (after HF treatment) (insets: SEM images of cross-sections and surface mor-
phologies of each sample). (a) Under different anodization voltages of 20, 40, and
60  V and (b) under different electrolyte temperatures of 5, 25, and 40 ◦C.
mages of TNTs before HF treatment), (b) the heights of TNTs as a function of H2O
racteristics during anodization process (10 vol% H2O)), and (c) the heights of TNTs
al SEM images of each sample).

Fig. 4 shows high magnification morphologies and structures of
TNTs anodized in 0.75 wt%  NH4F/EG electrolyte containing 10 vol%
H2O under anodization voltage of 40 V and electrolyte temperature
of 25 ◦C for 30 min. TEM image in Fig. 4(a) clearly represents highly
ordered tubular structures of the prepared TNTs with quite uniform
morphologies. Fig. 4(b) shows HRTEM image taken from the nan-
otube wall. The lattice spacing was observed to ∼0.35 nm,  which
corresponds to (1 0 1) crystal plane of titania anatase phase. The
corresponding SAED patterns also clearly confirm the crystalline
structure of the TNTs, as shown in the inset in Fig. 4(b). Fig. 5 shows
the XRD spectra of as-anodized and annealed TNTs. The XRD pat-
tern of the as-anodized TNTs indicates amorphous structures with
no crystalline phases. However, the highest peak that agreed with
anatase phase (2�  = ∼25.4◦) corresponding to (1 0 1) crystal orien-
tation clearly appeared in the XRD pattern of the TNTs annealed
at 350 ◦C, which is consistent with the results of HRTEM and SAED
investigations (Fig. 4(b)). This suggests that the as-anodized TNTs
can be successfully crystallized to anatase phase at 350 ◦C without
significant degradation in intrinsic properties of the PI substrates
with Tg higher than 360 ◦C.

Fig. 6 shows the normalized resistance (R/R0) of TNTs as a func-
tion of bending radius. The initial resistance (R0) measured without
imposing bending deformation was  ∼1.4 M�.  The electrical resis-
tance of TNTs was  retained without appreciable degradation up
to a minimum bending radius of ∼2 mm,  as shown in Fig. 6. The
inset in Fig. 6 shows the R/R0 of TNTs according to cyclic bending
with a minimum bending radius of 6 mm,  indicating no electri-
cal failure even repetitive bending deformation of up to 20 cycles.
These indicate that the TNTs prepared on plastic PI substrates are
mechanically stable enough to be employed in flexible applications.

3.2. Gas sensing properties of TiO2 nanotube-based flexible gas

sensor

Fig. 7(a) shows the schematic illustrations of fabrication proce-
dures of the proposed TNT-based flexible gas sensors (see Section
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Fig. 4. High magnification morphologies and structures of TNTs anodized in
0.75 wt%  NH4F/EG electrolyte containing 10 vol% H2O under anodization voltage
of  40 V and electrolyte temperature of 25 ◦C for 30 min  (after HF treatment). (a)
T
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Fig. 5. XRD spectra for as-anodized and annealed (350 ◦C) TNTs.

Fig. 6. Normalized electrical resistance (R/R0) of TNTs as a function of bending radius
during mechanical bending test (insets: digital images of TNTs at initial and bending

F

EM  image (scale bar: 100 nm), and (b) HRTEM image (scale bar: 2 nm)  (inset: SAED
atterns).

). In this case, TNTs were prepared by the anodization process
n 0.75 wt% NH4F/EG electrolyte containing 10 vol% H2O under
nodization voltage of 40 V and electrolyte temperature of 25 ◦C
or 30 min. The mechanical flexibility of the fabricated gas sensor
as clearly demonstrated in Fig. 7(b).

Fig. 8(a) shows a simplified schematic illustraion of gas sens-
ng system used in this work. The gas sensing properties of the

abricated flexible TNT devices were represented as normalized
urrent, which indicates the ratio of the electrical current (Igas)
fter exposure to test gases to that (I0) in the initial state. In this

ig. 7. Fabrication of TNT-based flexible gas sensors. (a) schematic illustrations of fabrica
states (left), R/R0 of TNTs as a function of repetitive bending deformation of up to 20
cycles with a minimum bending radius of 6 mm (right)).

case, the initial state means that the sensing chamber is filled with
the carrier gas with the absence of the test gases. All the gas mea-

surements were carried out at 350 ◦C. Fig. 8(b) and (c) shows the
normalized current (Igas/I0) measured with different concentra-
tions (50–200 ppm) of CO and NH3 gases, respectively. These results

tion process and (b) digital image of the fabricated TNT-based flexible gas sensor.
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ig. 8. Gas sensing properties of TNT-based flexible gas sensors under a working
ormalized current as a function of CO concentrations (inset: gas response to CO at 

inset: gas response to NH3 at different concentrations).

uggest that the sensor responses were quite stable and reversible
ven under repetitive exposure to the test gases with different
oncentrations. In addition, it was clearly shown that the sensor
esponses were considerably fast, showing the response time of
ess than 1 min  for 200 ppm of test gases. In this case, the response
ime was defined as the time needed to reach 50% of the maximum
urrent change after exposure to test gases. The sensing perfor-
ance of the flexible TNT sensors was evaluated by the gas response

hat defined as (Igas − I0)/I0 × 100 (%). The insets of Fig. 8(b) and
c) depict the gas responses of the devices for CO and NH3 gases,
espectively. A linear increase in gas responses was clearly observed
t relatively low gas concentrations, and fairly good gas responses
68.3% and 77.9% for 200 ppm of CO and NH3 gases, respectively)
ere achieved.

In principle, TNTs can be used to detect many different gases.
n this regard, the approach described in this work provides the
ossibility for the development of versatile TNT-based gas sensors

n flexible platforms.

. Conclusion

In summary, highly-ordered micrometer-long TNTs with clean
urface morphologies were successfully prepared on plastic sub-
trates by the electrochemical anodization process. The surface
orphologies of TNTs due to variations in anodization conditions
uch as synthesis time, H2O content in electrolyte, anodic voltage,
nd electrolyte temperature, were investigated. The combination
f moderate amount of H2O addition and subsequent HF treatment
with mild sonication) is very helpful for obtaining clear and regular
erature of 350 ◦C. (a) Simplified schematic illustration of gas sensing system, (b)
nt concentrations), and (c) normalized current as a function of NH3 concentrations

tubular structures of TNTs. The as-anodized TNTs were success-
fully crystallized to anatase phase at 350 ◦C without appreciable
degradation in mechanical and chemical properties of the PI sub-
strates.

As a potential application, flexible gas sensors based on
TNTs with the height of ∼1.8 �m and inner pore diameter of
70.5 ± 9.5 nm were fabricated by patterning the interdigitated sens-
ing electrode though photolithography and lift-off processes. The
sensor responses were considerably stable and reversible under
repetitive exposure to CO and NH3 gases at different concentra-
tions. In addition, the gas responses were quite linear with respect
to different concentrations of test gases and fairly good for 200 ppm
of CO (68.3%) and NH3 (77.9%) gases. Direct synthesis and morpho-
logical optimization of TNTs on plastic substrates are promising for
the development of TNT-based flexible devices such as chemical
sensors and dye-sensitized solar cells (DSSCs).
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