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ABSTRACT: The present study concerns development of an efficient alcohol sensor by
controlling the stoichiometry, length, and wall thickness of electrochemically grown TiO2
nanotube array for its use as the sensing layer. Judicious variation of H2O content (0, 2, 10
and 100% by volume) in the mixed electrolyte comprising ethylene glycol and NH4F
resulted into the desired variation of stoichiometry. The sensor study was performed within
the temperature range of 27 to 250 °C for detecting the alcohols in the concentration
range of 10−1000 ppm. The nanotubes grown with the electrolyte containing 2 vol % H2O
offered the maximum response magnitude. For this stoichiometry, variation of
corresponding length (1.25−2.4 μm) and wall thickness (19.8−9 nm) of the nanotubes
was achieved by varying the anodization time (4−16 h) and temperatures (42−87 °C),
respectively. While the variation of length influenced the sensing parameters insignificantly,
the best response magnitude was achieved for ∼13 nm wall thickness. The underlying
sensing mechanism was correlated with the experimental findings on the basis of structural
parameters of the nanotubes.
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■ INTRODUCTION

Electrochemically grown ordered and self-organized TiO2
nanotubular structures with high aspect ratio have been found
to be the potential high bandgap semiconductor for sensor
applications owing to their unique physical, chemical, and
electronic properties.1−4

TiO2 nanotube-based sensors have extensively been stuided
for the detection of oxygen and hydrogen.4−9 However, very few
reports are available on TiO2 nanotube-based alcohol sensors.

5−7

Kwon et al. have reported the TiO2 nanotube-based ethanol
sensor at 250 °C that yielded the response time and recovery
time of 90 and 14 s, respectively.5 Perillo et al. have developed
TiO2 nanotubes with variable diameter and thickness for ethanol
sensing at room temperature. The aforesaid attempt exhibited
sensors with relatively poor sensitivity and sluggish response
(∼13 min) and recovery (∼3 min).6 Kılınc ̧ et al. studied ethanol
and methanol sensing with TiO2 nanotubes with varying
nanotube morphology achieved by variation of applied potential,
temperature, and the type of electrolytes. However, such sensors
exhibited relatively poor response magnitude for ethanol (16%)
and methanol (10%) at 5000 ppm. The response and recovery
times were also found to be extremely high (as high as 12 and
30 min, respectively, toward 5000 ppm ethanol at 200 °C).7

Scrutiny of the literature reveals that the earlier attempts of
enhancing the sensing parameters by controlling the nanotube
structure have not considered some of the pivotal parameters like
(i) concentrations of oxygen vacancy (Vo) of the nanotubes, (ii)
tube radius, (iii) tube wall thickness, (iv) wall separation, and (v)
tube length in a systemayic manner to improve the sensor

performance.5−7 As the TiO2 nanotube growth (anodic) is a
concomitant process of (i) oxide formation and (ii) oxide
dissolution, naotube structure is strongly dependent on the
competitive kinetics of the reactions.1,10 Recently, the authors
have reported the effect of stoichiometry of TiO2 nanotube
array on the room-temperature alcohol sensing.11 However,
the response of such a device at higher temperatures (and at
optimum temperature) was not discussed. Moreover, the
variation of other structural attributes like length and wall
thickness of the nanotubes on alcohol sensing was not addressed.
To bridge the gap, three key attributes of nanotube array,

namely, stoichimetry (oxygen vacancy), length, and wall
thickness of the nanotube were systematically controlled in the
present report to achieve efficient alcohol sensing. Stoichiometry
of the nanotube was first varied by varying the H2O content
(0, 2, 10, and 100% by volume) in the mixed electrolyte
consisting of NH4F and ethelyne glycol. The maximum
response for alcohol sensing was achieved for the nanotubes
grown with 2 vol % H2O. Subsequently, the lengths of the
nanotubes were varied maintaining the fixed stoichiometry.
Finally, the nanotube wall thicknesses were varied by vayring
the anodization temperatures. Among the different structures
grown under the selective variation of process schedule,
nanotube array with 13 nm wall thickness offered the most
promising sensor characteristics.
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■ EXPERIMENTAL SECTION
High-purity titanium foil (0.25 mm, 99.5%) was thoroughly cleaned and
subsequently rinsed for use as the substrate. Electrochemical
anodization was performed using two electrode configurations
(electrode separation ∼4 cm). Cylindrical-shaped graphite electrode
(radius: 0.25 cm, surface area: 8.547 cm2) was used as the cathode, and
Ti foil was used as the anode. Room-temperature anodization process
was performed with 20 V constant potential. The current through
the electrolyte was continuously recorded during the anodization
process.1,10

Electrolyte composition for developing the TiO2 nanotube array with
variable oxygen vacancy content was discussed in our earlier report.11

H2O contents were chosen to be 0, 2, 5, and 100 vol % in the mixed
electrolyte consisting of 0.5 wt % NH4F and ethylene glycol. Anod-
ization was performed for 2 h at room temperature (27 °C). Values of
the structural parameters for 5 vol % H2O follows the similar trends
(as revealed from Figure 2a) as that of 0−100 vol % cases. No significant
improvement in sensing performance was observed for the TiO2
nanotube sensor with 5 vol % H2O. Therefore, the other structural
results and sensor results for 5 vol % case were omitted.
TiO2 nanotubes with variable tube lengths (L) were synthesized by

varying the anodization time (4, 8, 12, and 16 h) using the electrolyte
composition of 0.5 wt%NH4F + ethylene glycol + 2 vol %H2O at 27 °C.
Similar electrolyte composition was used for the synthesis of TiO2
nanotubes (with variable tube wall thicknesses (D)) by varying the
anodization temperatures (42, 57, 72, and 87 °C), for a constant
anodization time of 2 h. The details of the anodization parameters for
three different sets of TiO2 nanotubes are summarized in Table 1.
Three sets of TiO2 nanotubes, treated under different schedules

(i.e., TN1−TN4, D1−D4, and L1−L4) were annealed at 300 °C for 4 h
in a closed annealing furnace maintaining the oxygen partial pressure at
∼4 kPa.
Morphology and crystal structures of the annealed TiO2 nanotubes

were characterized by using field emission scanning electronmicroscopy
(FESEM) and X-ray diffraction (XRD, λ = 1.54 Å) analyses, respectively.
Presence of oxygen vacancies (Vo) in the TiO2 nanotube samples
(TN1 to TN4) was studied by photoluminescence (PL) spectroscopy.
Electrical characterizations of the TiO2 nanotube sensor layer were
performed by using electrochemical capacitance voltage (ECV)
measurement at 0.138 kHz alternating current frequency in 0.1 M
NaOH aqueous electrolyte solution.
Palladium contact electrodes (2 mm × 2 mm × 40 nm) were

deposited on the 7 mm × 3 mm TiO2 nanotube array (electrode
separation: 2 mm) by e-beam evaporation (∼1 × 106 mbar)
technique.2,11

The vapor sensor measurement technique has earlier been reported
by the authors.2 The sensor response magnitude (RM) is defined as
the ratio of change in sensor resistance in the presence of alcohol vapor
[(Ra − Rg) = ΔR], and the baseline sensor resistance in air (Ra = R) is
expressed as RM = (ΔR/R).2 The response time of the sensor was
calculated as the time taken by the sensor signal to reach 90% of its
saturation value upon exposure to alcohol vapor.5

■ RESULTS AND DISCUSSION

Variation of Stoichiometry and Structural Parameters.
Stoichiometry. Electrochemically, TiO2 nanotube formation

may be understood as the concomitant process of oxide
formation and dissolution.1 The oxide growth depends on the
reaction between Ti metal and H2O (acidic medium) under the
influence of an applied potential. On the other hand, oxide
dissolution depends on the soluble titanium fluoride [TiF6

2−]
formation (in case of fluorine-based electrolytes) generated
through the reaction between the grown oxide and fluoride
ions.12 In the first set of study, H2O content in the electrolyte
was varied during anodization to developed defect (Vo)/
stoichiometry controlled TiO2 nanotubes. Because of the
restricted supply of H2O (or the restricted supply of oxygen)
in electrolyte, reduced TiO2 nanotubes are formed offering a
substoichiometric composition13 that can be represented by the
generalized suboxide phase of TinO2n−1 (n = 1, 2, 3···).
Paucity of H2O content in the electrolyte (during anodization)

eventually restricts the supply of oxygen, which leads to

(i) Reduced TiO2 formation having different suboxide states
(TiOx) that ensure existence of higher concentrations of
Vo (eq 1).3

+ → − ++ − −x xTi O TiO (sub oxide) 2 ex
4 2

(1)

(ii) poor nanotubular structure formation due to restricted
formation of [TiF6

2−].

Occasionally, fluorine ions directly react with Ti4+ and form
undissolved [TiF6

2−] due to presence of limited amount of H2O
in the electrolyte. As a result, the ordered TiO2 nanotube
formation is constrained, and the resultant structure evolves as
the wall connected nanotube array occasionally covered with
nanofiber-like compositions.14

Although variation in stoichiometry (or VO) in TiO2 nanotube
achieved by varying the H2O contents in the electrolyte during
anodization, the technique has the unavoidable influence on the
other structural parameters (like tube length) of the TiO2

nanotubes (Figure 1A). With lowering of the H2O content, the
barrier layer thickness becomes thinner. This results in better
ionic conduction (compared to the aqueous electrolyte) and fast
movement of metal/oxide (Ti/TiO2) interface toward metal
substrate (Ti), enhancing the TiO2 nanotube lengths.

14,15

Length. In the second set of experiments, an attempt
was made to synthesize TiO2 nanotube array with variable tube
lengths (L1 to L4), maintaining the other tube parameters
unaltered, to establish the effect of length variations on the
alcohol-sensing performance. Though the lengths of the TiO2

nanotubes principally depend on four major parameters, namely,
(i) H2O contents in the electrolyte, (ii) concentrations of F− ion
in the electrolyte, (iii) anodization time, and (iv) applied
potential,16,17 only the anodization time was increased from 4 to
16 h to enhance the period of ionic conduction for increasing
lengths of the nanotubes. During the process, unintentional

Table 1. Details of the Anodization Parameters for Three Different Sets of TiO2 Nanotubes

set (1) variation of oxygen vacancies (VO) set (2) variation of tube lengths (L) set (3) variation of wall thicknesses (D)

anodization time: 2 h temperature: 27 °C
temperature: 27 °C electrolyte:

EG + 2 vol % H2O
electrolyte: EG + 2 vol %H2O anodization

time: 2 h

serial no. sample no. electrolyte composition sample no. anodization time sample no. temperature

1 TN1 EG + 0 vol % H2O L1 4 h D1 42 °C
2 TN2 EG + 2 vol % H2O L2 8 h D2 57 °C
3 TN3 EG + 10 vol % H2O L3 12 h D3 72 °C
4 TN4 100 vol % H2O L4 16 h D4 87 °C
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variations of the other structural parameters of the TiO2
nanotubes were found to be insignificant.
Wall Thickness. In the third set of the study, TiO2 nanotube

array was synthesized with variable tube wall thicknesses (D1 to
D4) keeping all other tube parameters fixed to realize the effect of
nanotube wall thickness on the alcohol-sensing performance.
Variation of the TiO2 nanotube wall thickness principally
depends on the higher dissolution rate (in horizontal direction)
of TiO2 layer by F

− ions in the electrolyte, which depends on two
key factors: (i) higher drift velocity of the F− ions in the
electrolyte18 and (ii) higher rate of diffusion of F− ions through
the nanotube wall.19

According to the Stokes−Einstein relationship D = kT/6πησ,
(where D is the diffusion coefficient, k is the Boltzmann’s
constant, T is the ambient temperature, η is the viscosity of the
electrolyte, and σ is the diameter of the spherelike particle), rate
of diffusion of F− ions increases with increase in the anodization
temperature (T) leading to the higher rate of dissolution. At
higher temperatures, viscosity (η) of the elctrolyte becomes
lower and, hence, enhances the velocity of the F− in the
electrolyte. As a result, the rate of oxide dissolution by F− ions
increases, and the nanotube wall thickness (D) is reduced.

Structural Characterizations of the TiO2 Nanotubes.
Field Emission Scanning Electron Microscopy. The FESEM
images as shown in Figure 1A reveal the surface morphology of
the grown anodic layers of four TiO2 samples with variable
oxygen vacancies (TN1 to TN4). In the absence of H2O (TN1),
fiberlike nonuniform TiO2 surface was formed with indistinct
(wall-connected) nanotube formation. Surface of TN1 is partially
covered with an initial oxide layer, grown during the first stage of
synthesis.14 Such oxide coverage strongly affects the subsequent
nanotube formation. The initial oxide layer was removed
significantly in case of TN2 (2 vol % H2O) indicating the
formation of both wall-connected and wall-separated TiO2
nanotubes (Figure 1Ab). On the contrary, wall-separated and
ordered TiO2 nanotube array formation is evident in case of TN3
and TN4 where no perceptable coverage of oxide layer is
observed. Free-standing nature of the nanotubes was found to be
more prominent in case of TN4 compared to that in TN3. It is
evident from the inset of Figure 1A that the tube length (L)
decreases monotonically from TN1 to TN4 (from 2.2 to 0.3 μm).
TiO2 nanotubes with variable tube lengths were synthesized by

varying the anodization time (from 4 to 16 h). As a result, the
nanotube length variations from 1.25 to 2.4 μmwere achieved for

Figure 1. FESEM images of anodically grown four different TiO2 nanoforms. (A) TiO2 nanotubes with variable oxygen vacancies (TN1 to TN4).
(B) Four different TiO2 nanotubes (L1 to L4) with variable tube lengths (L). (C) Four different TiO2 nanotubes with variable wall thicknesses (D).
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four different samples (L1 to L4). Except the anodization time,
all the other anodization parameters were identical to that for
synthesizing TN2. Variations of nanotube lengths are clearly
evident from FESEM images shown in Figure 1B. The
corresponding FESEM images in Figure 1C represent the
reduction of the D value from 19.8 to 9 nm (D1 to D4) for
corresponding increase in anodization temperatures from 42
to 87 °C.
Figure 2a shows the variation of nanotube parameters (e.g.,

2r, D, and S) as a function of H2O content in the electrolyte
during anodization (i.e., TN1 to TN4 samples). The maximum
variation of the structural parameters (Figure 2a) was observed in
the range of 0−10 vol % H2O with almost imperceptible change
in the range of 10−100 vol % H2O. Within this range, four
different H2O concentrations, namely, 0, 2, 5, and 10 vol %, were
considered. Almost no change was observed in the structural
parameters between 2 and 5 vol % cases. Figures 2b(i) and 3b(ii)
represent the monnotonic incremental and decremental nature
of tube lengths (L) and tube wall thicknesses (D) with the
variations of anodization time (2−16 h) and anodization
temperatures (27 to 87 °C), respectively.

X-ray Diffraction and Photoluminescence Spectroscopy.
The chemistry and crystal structure of the TiO2 samples were
identified by XRD analysis as shown in Figure 3a. Anatase (101)
crystallinity was common for all the four cases. Some low-intenity
anatase (204) peaks were evident only in the case of TN1 and
TN4. All the patterns (TN1 to TN4) revealed a crystalline Ti peak
corresponding to the metallic Ti substrate.20 L1 to L4 and D1 to
D4 samples show similar types of XRD pattern as that of the TN2

(not shown here).
The PL emission spectra of the samples (TN1 to TN4) as

shown in Figure 3b were obtained for the excitation of 300 nm.
Two principal emission peaks are identified for all the four cases,
corresponding to (i) band-edge emission (BEE) peak in the
wavelength between 393.97 to 374.92 nm (in UV region) and
(ii) the peak near 467 nm, originated from oxygen vacancies
(Vo).

10 The BEE peak of TN1 to TN4 is significantly shifted
toward higher to lower wavelength side (394 to 375 nm/3.15 to
3.31 eV) indicating more stoichiometric TiO2 nanotube
formation with increasing H2O content in the electrolyte
(shown in inset of Figure 3b). The BEE peak shift is highest
for TN4 compared to that of the others. To the contrary, no

Figure 2. (a) Variations of the structural parameters (inner diameters (2r), wall thicknesses (D), and wall separations (S)) of anodically grown TiO2
nanotubes as a function of H2O content in the electrolyte (in inset, tube length (L) variations as a function of H2O content in the electrolyte). (b) (i)
Tube length variations (L) as a function of anodization time. (b) (ii) Tube wall thickness (D) variations as a function of anodization temperatures.

Figure 3. Variation of (a) XRD patterns and (b) PL spectra of four different TiO2 nanoforms (TN1 to TN4) with variable oxygen vacancies (Figure 3b
partially reproduced from ref 11 with necessary permission from appropriate authority).
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significant shift is observed for theVo-related peaks for all the four
samples. Intensity of the Vo peaks compared to the BEE peaks
[i.e., I(Vo)/I(BEE)] is increased with lowering of the H2O content
in the electrolyte due to the existence of higher amount of
Vo-related defects. TN1, being the most reduced one, exhibits the
highest intensity Vo peak (2.66 eV) owing to the oxygen vacancy
induced trap-assisted recombination [i.e., I(Vo)/I(BEE) is max-
imum].21 TN4, being anodized in aqueous electrolyte, exhibited
most stoichiometric oxide growth with negligible defect (Vo)
states as manifested from the high-intensity BEE peak (with
highest band gap energy at 3.31 eV) [i.e., I(Vo)/I(BEE) is the
minimum]. Analysis of PL spectra indicates that the amount of
Vo was significantly higher in case of the TiO2, grown by using
electrolyte with lower H2O content, than those with higher H2O
content. On the other hand, TiO2 nanotube array with variable
tube lengths (L1 to L4) and variable wall thicknesses (D1 to D4)
exhibited negligible variation in I(Vo)/I(BEE) value compared to
that of the TN2, and this phenomenon confirmed that the major
variations of the relative peak intensity [I(Vo)/I(BEE)] and shifting
of the BEE peaks were originated from the variation of the VO in
the TiO2 nanotube array and were not due to variations in the
structural parameters like length and wall thickness.
Electrochemical Capacitance Voltage Measurement. Ap-

proximate carrier density (ND) of all the stoichiometrically varied
(or variable VO) TiO2 nanotubes (TN1−TN4) was estimated by
Mott−Schottky plot (1/C2 vs potential). The slopes of the linear
parts of the curves in the Mott−Schottky plot were found to be
positive, implying that the samples were n-type semiconductors

as shown in Figure 4. Capacitance measurements were
conducted according to the following equation (eq 2)

ε ε
= − −

⎡
⎣⎢

⎤
⎦⎥C N

V V
kT
e

1 2
e

( )2
D 0 r

FB
(2)

where C is the space charge capacitance in the semiconductor,
ND is the carrier density, e is the electronic charge, ε0 is the
permittivity of the vacuum, εr is the relative permittivity of the
semiconductor, V is the applied potential, VFB is the flat band
potential, k is the Boltzmann constant, and T is the temperature.
Electrical poperty (or donor density level) of TiO2 nanotubes

was obtained by electrochemical measurement of the space
charge layer capacitance following the relationship (eq 3)22
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where ε0 = 8.85 × 10−14 F/cm−1, e = 1.6 × 10−19 C, and εr of
the anatase TiO2 (εr = 48).4 As revealed from the C−V plot in
Figure 4, all of the four TiO2 nanotubes (TN1 to TN4) showed
n-type conductivity (due to positive slope) with carrier density of
ND(TN1) = 5.38 × 1020 cm−3, ND(TN2) = 1.99 × 1020 cm−3,
ND(TN3) = 9.08 × 1019 cm−3, andND(TN4) = 3.77 × 1019 cm−3.
A negligible but contunious decreasing trend of the carrier

density (ND) from 9.08 × 1019 cm−3 to 5.16 × 1019 cm−3 was
observed with increase in anodization time (i.e., increase in tube
length). The C−V measurement was also performed for the
D1−D4 samples, and a decreasing nature of carrier density (ND)
from 9.08 × 1019 cm−3 to 7.92 × 1019 cm−3 was observed from
D1 to D4.

Sensor Study. Alcohol (methanol, ethanol, and 2-propanol)
sensing was performed for the anodically grown TiO2 nanotube
array (TN1 to TN4), targeting the concentration and temper-
ature ranges of 10−1000 ppm and 27 to 250 °C, respectively. For
all of the four sensor devices, the response magnitude was found
to be in the order of methanol > ethanol > 2-propanol at all the
temperatures. The TN2 was found to be the most promising
sensor layer compared to the others (i.e., TN1, TN3, and TN4).
Sensor study was also performed using L1 to L4 and D1 to D4
samples to investigate the influence of other structural
parameters like tube length and tube wall thickness on the
alcohol sensing. Keeping the similarity in the trend in view, only
the results for methanol sensing are furnished herein.

Sensing Performance of TiO2 Nanotubes with Variable VO.
Figure 5a represents the sensor response as the function of
temperatures (TN1 to TN4) in the temperature range of 27−
250 °C with exposure to 1000 ppm alcohol (methanol, ethanol,
and 2-propanol). The onset of sensing for TN1, TN2, TN3 and
TN4 sample was noted at 100, 27, 50, and 100 °C as shown in
Figure 5a−d, respectively. Optimum sensing performance for
TN2 to TN4 was observed at 150 °C and for TN1 at 200 °C.
Maximum response for TN1 to TN4 was recorded at∼77.5, 95.5,
86.4, and 67% for 1000 ppm methanol at their optimum
operating temperature as shown in Figure 5a−d. It is evident that
TN2 exhibits the best sensing performance in the set, with the
highest response magnitude for the entire temperature range
(Figure 5b). Apart from that, TN2 also offers efficient room
temperature (27 °C) alcohol sensing with 60.2, 45.7, and 35.7%
response magnitude for exposure in 1000 ppm methanol,
ethanol, and 2-propanol, respectively.
The dynamic range (10−1000 ppm) of alcohol detection for

different sensors was studied at the corresponding optimum
operating temperatures (200 °C for TN1 and 150 °C for TN2,
TN3, and TN4) as shown in Figure 6a−d. The sensor response
increases monotonically with increase in the alcohol concen-
trations up to 700 ppm. Further increase in the concentrations
(>700 ppm) does not exhibit any effective increment in response
magnitude. Below 10 ppm, the sensor does not show any
perceptible response toward any alcohol vapor.
The transient response characteristics further reveal lowest

difference between each of the alcohols in the case of TN2.
Generally, response magnitude of different alcohols strongly
depends on two factors: (i) molecular size/molecular weight of
the alcohols in gaseous phase23−25 and (ii) oxidation potential of
alcohols in gaseous phase.24 Increase in the carbon chain length

Figure 4. Mott−Schottky plot for stoichiometrically varried different
TiO2 nanotubes (TN1 to TN4) in 0.1MNaOH electrolyte, recorded at a
constant frequency of 0.138 kHz.
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(2-propanol > ethanol > methanol) increases the H+ donation
capability of the alcohols (in gaseous phase), leading to the easy
oxidation of alcohols.26−29 This phenomenon is more favorable
for 2-propanol compared to that of the methanol. However, in

the present study, higher rate of surface adsorption appears to
be the more dominant factor than that of the oxidation of the
adsorbed species possibly due to the low operating temperature
due to the smaller molecular size/weight.24 Rate of surface

Figure 5. Sensing performance of TiO2 nanotube array (TN1 to TN4) with percentage response magnitude as a function of temperatures (27−250 °C)
with exposure to1000 ppm alcohol. (a) TN1, (b) TN2, (c) TN3, and (d) TN4.

Figure 6. Transient response characteristics of TiO2 nanotubes-based sensors in the alcohol concentration range of 10−1000 ppm at the respective
optimum operating temperature. (a) TN1, (b) TN2, (c) TN3, and (d) TN4.
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adsorption increases in the order of methanol > ethanol >2-
propanol, which may be responsible for the observed order of the
response magnitude in the present case.
Figure 7 shows the transient characteristics of TN2 (single

pulse) for the response time of 7, 11, and 12 s as well as recovery

time of 107, 117, and 121 s for 1000 ppmmethanol, ethanol, and
2-propanol, respectively, at 150 °C. All the sensors show the
decreasing trends of the response time with increase in the
alcohol concentrations owing to adequate availability of the
target molecules that enhances the surface coverage leading
toward higher rate of surface adsorption. With lower surface
coverage of the target molecules at the lower parts per million
level, rate of desorption becomes faster just after cutting off the
alcohol pulse, which might be the reason for the faster
recovery.30,31

Sensing Performance of TiO2 Nanotubes with Variable
Tube Lengths. Following the determination of suitable
stoichiometry (TN2), the influence of other structural
parameters (like length and wall thickness) on the alcohol-
sensing performance was investigated for the L1, L2, L3, and L4
sensors with the corresponding tube lengths of 1.25, 1.65, 1.95,
and 2.4 μm for the methanol detection (10−1000 ppm) within
the temperature range from 50 to 200 °C. Figure 8a shows that all
the sensors offer the maximum response at 150 °C. Response
magnitude as a function of methanol concentrations (Figure 8a,

inset) reveals the increasing nature of sensor response with
methanol concentrations up to 700 ppm (and saturation after
700 ppm). It is evident from the plot that variation in the tube
length hardly influences the sensing performance (95 ± 1% at
150 °C in 1000 ppm methanol). It may also be seen that the
sensor (L1 to L4) offers almost similar sensing characteristics
to that of TN2. The detailed transient responses of the sensors
(L1 to L4) are represented in Figure 8b. Evidently, the response
characteristics of the four sensors are almost comparable.

Sensing Performance of TiO2 Nanotubes with Variable
Tube Wall Thicknesses. The alcohol (methanol)-sensing
performance was studied for TiO2 nanotubes with variable
tube wall thickness (D1 to D4) with optimum stoichiometry and
length as shown in Figure 9a. The response magnitude as a
function of temperature shows the maximum response at 150 °C
with significant variations of response characteristics for different
sample (D1 to D4). However, the response magnitude reveals an
increasing tendency from D1 to D3 (D1: 95, D2: 96.3, D3: 97.4%)
and decreasing tendency for D4 (90%) at 150 °C in 1000 ppm
methanol. The similar trend is maintained throughout the
temperature range (50−200 °C). Baseline resistance of the four
sensor devices (D1 to D4) increases monotonically from 50 to
270 MΩ for the D1 to D4, as shown in Figure 9b.

Selectivity and Stability Study. Selectivity study of the
optimized (stoichiometry, length, and wall thickness) sensor
device (D3) toward alcohols (methanol, ethanol, and 2-propanol)
was tested in the presence of other interfering species like
acetone, 2-butanone benzene, xylene, and toluene, and the result
is shown in Figure 10a. Selectivity was tested for 100 ppm
concentration of the volatile organic compounds at the operating
temperature of 150 °C. The device with D3 sensor layer offered
the most promising selectivity for all the alcohols compared to
that of the ketones and the aromatic compounds as evident from
Figure 10a. Long-term stability of the sensor (D3) was tested in
exposure of air and in 1000 ppm methanol for 15 d at 150 °C as
shown in Figure 10b. The maximum deviation of ±6.5% and
±17.6% was recorded for the measured resistance at 150 °C in air
and in 1000 ppmmethanol, respectively. TiO2 nanotube samples
were annealed at 300 °C for 4 h for developing the mechanical
strength, whereas the alcohol sensing was performed below
250 °C. So, no significant variations in the nanostructure were
expected even after long-term (∼14−15 weeks) alcohol sensing.

Figure 7.Transient response of TN2 (single pulse) at 150 °C in 1000 ppm
of alcohols.

Figure 8. Methanol-sensing performance of TiO2 nanotube array with variable tube lengths (L1 to L4). (a) Response magnitude as a function of
temperature (50−200 °C). (inset) Response magnitude as a function of methanol concentration (10−1000 ppm). (b) Transient response
characteristics of L1 to L4 sensors in the methanol concentration range of 10−1000 ppm at the optimum temperature (150 °C).
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To authenticate the same, FESEM and XRD studies of the film
(after sensing) were performed, and no significant changes (with
respect to the film before sensing) were observed.
Comparison of Sensing Performances with Recent

Literature. Table 2 comprehensively represents the comparison
of the sensor performance parameters obtained from the most
recent literature for different nanostructured materials-based
sensors for efficient alcohol detection with the present work. As
clearly reflected from Table 2, the developed sensor maintained a
judicious balance between all the sensing parameters compared
to earlier reported alcohol sensors. Present sensor offered high
dynamic range, moderately low operating temperature, and
sufficiently high response magnitude. Though the sensor showed
apparently fast response toward all the alcohols, recovery
performance of the sensor was not very promising.
Sensing Mechanism. Role of Oxygen Vacancy. The sensor

study exhibited two distinctive improvements: (i) relatively low
operating temperature for sensing and (ii) appreciably high
response magnitude, which were achieved by judiciously
controlling the nanotube parameters through varying the H2O
content in the electrolyte during the anodization process. In the
case of TN1, though the amount of Vo is the highest, extremely
poor surface-to-volume ratio resulted into the low operating
temperature compared to that of TN2, TN3, and TN4.
The operating temperature and corresponding response

magnitude of the semiconducting metal oxide-based gas/vapor

sensor principally depend on (i) binding interaction between the
target gas/vapor species and the semiconducting surface,44 (ii)
effective surface area of the nanotubes providing the available gas
interaction sites,45 (iii) dissociative adsorption of oxygen and
alcohol molecules,46,47 and (iv) required activation energy for the
electronic transport (which is related to the barrier potential
(qVb) between two grains).

48 Among these parameters, (i), (iii),
and (iv) directly depend on the concentrations of Vo in the
semiconducting oxide. At the same time, availability of the gas
interaction sites can also be enhanced by increasing the surface-
to-volume ratio of the sensing layer.
Vo-related defect sites/states are the most favorable ones for

the adsorption of target species (alcohols in the present
case).46,49 This is because the binding interaction between O2
molecules and alcohol molecules is much stronger in such defect
sites compared to the defect-free ones. O2 molecules can be
dissociated and chemisorbed to the oxygen vacant site (Vo) of the
oxide surface with negligible activation energy, and the rate of
adsorption increases with increase in operating temperature up
to a certain limit [case (iii)].46,50

As the reducing gas/vapor comes to contact the sensing layer,
it is adsorbed to the oxide surface by the dissociative adsorption
process and dehydrogenated by the adsorbed oxygen species.
Catalytic activity of TiO2 enhances the dissociation possibility of
the alcohols to the oxide surface.51,52 By the effect of TiO2
catalyst, O−H bond scission becomes faster, and alcohols can

Figure 9.Methanol-sensing performance of TiO2 nanotube array with variable tube wall thicknesses (D1 to D4). (a) Response magnitude as a function
of temperature (50−200 °C). (inset) Response magnitude as a function of methanol concentration (10−1000 ppm). (b) Transient response
characteristics of D1 to D4 sensors in the methanol concentration range of 10−1000 ppm at 150 °C.

Figure 10. (a) Selectivity and (b) long-term stability performance of the TiO2 nanotube-based sensor (D3) with ∼13 nm of wall thickness (D) and
1.2 μm of tube length, synthesized by using 2 vol % H2O in mixed electrolyte (0.5 wt % NH4F + EG).
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easily be dissociated [case (iii)] and dehydrogenated into
different alkoxy fragments, namely, [CH3O]

− for methanol,
[CH3CH2O]

− for ethanol, and [CH3CH3CHO]
− for 2-propanol,

and hydroxyl groups.52,53 All the species are adsorbed to the TiO2
nanotube surface occupying two active defect sites (originated
from Vo) according to the following reaction (eq 4).

46,54 Because
of the capture of free electron to the oxide surface, sensor
resistance decreases effectively.

+ → +− − −ROH O [RO] OH(vapor) (ads) (ads) (ads) (4)

where R represents the alkoxy group.
Subsequently, the adsorbed alkoxy fragments recombine with

the adsorbed hydroxyl ions and form the molecular alcohols
releasing a free defect site following the reversible process as46

+ → +− − −[RO] OH ROH O(ads) (ads) (vapor) (ads) (5)

Two adsorbed hydroxyl groups then react with each other and
release H2O and a free electron (offering a free defect site)
following the reaction46

+ → + +− − − −OH OH H O O e(ads) (ads) 2 (ads) (6)

The adsorbed alcohol (ROH) molecules can also be directly
oxidized or dehydrogenated (eq 7) by the surface-adsorbed
oxygen and generate final product as the combination of CO2
and H2O at relatively elevated temperature by releasing free
electrons (offering free defect sites) to the oxide surface that
effectively reduces the sensor resistance of the n-type TiO2
nanotube array as55

+ → + +− −ROH O CO H O e(ads) (ads) 2(gas) 2 (gas) (7)

Therefore, the aforesaid possibilities confirm that the alcohol-
sensing performance strongly depends on the availability of the
Vo-originated defect sites (eqs 4−7). At the low temperature,
adsorption of the alkoxy group on the nanotube surface strongly
depends on the availability of the oxygen vacant sites and the
surface coverage of the alkoxy groups.46,50 At any particular
alcohol concentration, when surface coverage of the alkoxy
groups is almost constant, response magnitude of a sensor is
principally dominated by the availability of the free oxygen vacant
sites (Vo).
With increase in the concentration of Vo (more reduced

TiO2), free electron concentration increases leading to the higher
electrical conductivity (σ) with reduced barrier potential. So, the
required activation energy can be modulated by controlling the
concentration of Vo (through amount of H2O in electrolyte).48

The ECV study (Figure 4) confirmed this. Despite the activation
energy of electron transport being minimum for TN1 (TN1 <
TN2 <TN3 <TN4), the overall responsemagnitude of TN1 is not
very promising owing to its relatively poor surface-to-volume
ratio.

Role of Surface-to-Volume Ratio. In the present case, very
low (i.e., TN1) and very high (i.e., TN4) H2O content in the
electrolyte resulted in relatively poor surface-to-volume ratio
[case (ii)]. The TN1 sample showed almost no wall separations,
and the TN4 offered maximum wall separations between
neighboring nanotubes. Eventually, both TN1 and TN4 suffer
from poor surface-to-volume ratio of the oxide surface resulting
in poor alcohol-sensing performance in terms of the operating
temperature and response magnitude.
To calculate the surface-to-volume ratio of a single TiO2

nanotube, rectangular cuboids can be considered around a single

Table 2. Comparison of Sensor Parameters of the Developed TiO2 Nanotube-Based Alcohol Sensor with Other Sensors Reported
in Recent Literature

Sl.
No. nanomaterials

target
alcohola

detection range
(ppm)

optimum
temperature (°C)

response
magnitude

response
timeb (s)

recovery
timeb (s) ref

1 Nb-doped TiO2 nanorods Et 400 550 Ra/Rg = 12 3 79 32
2 surface-coarsened Ag−TiO2

nanobelts
Et 500 200 Ra/Rg = 46.15 1 2 31

3 nanocrystalline La−Pb−Fe−O
perovskite

Mt 400 230 Rg/Ra = 146.6 40 75 33

4 CdS-doped SnO2 thick film Mt 5000 200 (ΔR/Ra)*100 =
70%

40 110 34

5 nanostructured MoO3:ZnO thin
films

Et 500 300 Gg/Ga = 171 75 70 35

6 screen-printed WO3 thick films Et 50 400 (Ra/Rg)*100 =
1424%

10 45 36

7 SnO2 carbon nanotubes Mt 30 RT ΔR/ΔC =
13 × 10−2

<60 <60 37

8 one-dimensional zinc oxide
nanorods

Et 12.5−500 310 Ra/Rg = 2.3 16 120 38

9 Au-modified ZnO nanowires Et 100 300 Ra/Rg = 89.5 5 20 39
10 TiO2 core/shell nanorods Et 10−500 180 Ra/Rg = 11.5 <40 <10 40
11 Ag nanoparticle-modified TiO2

nanosphere
Et 50−10000 350 Ra/Rg = 2 5 49 30

12 CeO2/TiO2 core/shell nanorods Et 10−1000 320 Ra/Rg = 7.75 <45 <45 41
13 Nb-doped TiO2 nanoparticle Et 10−500 350 Ra/Rg = 41.4 9 300 42
14 ZnO nanorods Mt 950 150 (ΔR/Ra)*100 =

90%
8−19 39−55 43

16 TiO2 nanotube array Mt 10−1000 150 (ΔR/Ra)*100 =
94%

7 107 present
work

17 TiO2 nanotube array Et 10−1000 150 (ΔR/R)*100 =
73%

11 117 presnt
work

aEt: ethanol, Mt: methanol, RT: room temperature. bThe response time and recovery time of the sensor were calculated as the time taken by the
sensor signal to reach 90% (or to fall at 10%) of (from) its saturation value upon exposure (or removal) of ethanol vapor pulse.
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nanotube as depicted in Figure 11a,b. Let the inner diameter, wall
thickness, tube length, and wall separation of the nanotube be
designated as 2r, D, L, and S, respectively. If the nanotube array
consists of n number of nanotubes, surface-to-volume (SVR) of
the sensing layer can be represented as

π π π= + + + + ×

× + + × ×( )
rL r D L r D n

r D L n
SVR

[2 2 ( ) ( ) ]

4 S

2

2

2

(8)

As the area of the top surface (c) and bottom surface (d) of the
nanotube are negligibly small compared to the outer (a) and
inner (b) wall surface area, according to Figure 11a,b, π(r + D)2

can be neglected, and the simplified surface-to-volume ratio can
be represented by eq 9, which is independent of the length (L)
and number (n) of the nanotubes. Hence, surface-to-volume
ratio is expressed as

π π= +

× + +( )
r D

r D
SVR

2

2 S
2

2

(9)

According to the structural configuration of TN1 (shown in
Figure 1A(a)), the outer wall surface area (a) can be neglected
due to the negligible separation between the walls. So, the lowest
value of surface-to-volume ratio (SVR) is obtained for TN1 as

π=
× + +( )

r

r D
SVR

2
(for TN )

S
2

2 1

(10)

As TN2 consists of both the wall-connected and wall-separated
structures, outer surface of the nanotubes is considered partially,
and surface-to-volume ratio value is higher than that of TN1 and
lower than that of TN3 and TN4. In the case of TN3 and TN4
samples, significant change is observed in the case of wall
separations (S) (Figure 1A(c),(d)) compared to the correspond-
ing changes in r and D. According to eq 12, higher value of S
will decrease the surface-to-volume ratio in the case of TN4
(compared to TN3). Then, four different nanotube structures
can be represented as TN1 < TN2 < TN4 < TN3 in the order of
surface-to-volume ratio.
Although, TN3 offers the highest surface-to-volume ratio

compared to other nanotubes, it does not exhibit the best sensing

performance due to the lower concentrations of VO. The TN2
sample, owing to the availability of VO and promising surface-to-
volume ratio, offers the best sensing performance at relatively low
temperatures (even at room temperature). To the contrary, the
TN1 sample, despite having a large amount of VO sites, suffers
from inferior surface-to-volume ratio (almost no nanotube was
formed). At the same time, TN4, with relatively high effective
surface area, is unable to show promising alcohol sensing at
relatively low temperature due to the absence of adequate VO
sites. Therefore, the processing of the TiO2 nanotubes warrants
the best combination of VO and surface-to-volume ratio of the
nanotube structures (as achieved in the case of TN2) to offer the
promising alcohol-sensing performance.

Role of Channel Formation. Though the above mechanism
largely demonstrates the efficiency of alcohol-sensing perform-
ance for the TiO2 nanotube-based (TN2) sensors, it cannot
explain the effect of the tube length (L) and wall thickness (D)
variations on the alcohol-sensing performance. To explain the
effect of all the structural parameters (i.e., 2r, D, L, ND), the
channel formation mechanism has been invoked.56,57

In this model, an individual TiO2 nanotube is considered as a
single resistance (R) with length L and cross sectional areaA. The
tube is assumed to have an average free electron density ND and
mobility μn. The tube resistance can be represented as

μ
= ×R

qN
L
A

1

D n (11)

In air ambient, inner and outer surface of the nanotube is
depleted partially due to adsorption of the oxygen species
(O−, O2−, etc.) on the nanotube surface. The conducting channels
between the surfaces (inner and outer) have the dimension of
D − 2Ld, where Ld is the thickness of depleted region as shown in
Figure 11a,b.58,59 Considering the conducting channel formation
possibility, eq 11 can be expressed as

μ π

ε ε

= ×
+ × −

≡
−

R
qN

L
D r D L

L
kT

q N n

1
( 2 ) ( 2 )

where
( )

(air)
D n d

d
0 r

2
D a (12)

Figure 11. Schematic of an individual TiO2 nanotube indicating the dimensions and planes. (a) Complete view of a nanotube. (b) Cross-sectional view
of a nanotube (Ld is the width of depletion layer).
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μ π
= ×

+ × − ε ε
−

⎛
⎝⎜

⎞
⎠⎟

R
qN

L

D r D

1

( 2 ) 2 kT
q N n

(air)
D n

( )
0 r

2
D a

(13)

where na is the captured electron due to surface adsorption of
oxygen species.
In ambient reducing vapor (like alcohols), a fraction of the

captured electrons is released (ng) to the nanotube surface,
thereby increasing the channel width (D− 2Ld) and lowering the
sensor resistance as shown in eq 14.

μ
π

= ×
+ × − ε ε

− +

⎛
⎝⎜

⎞
⎠⎟

R
qN

L

D r D

1

( 2 ) 2 kT

q N n n

(alcohol)
D n

( )
0 r

2
D a g

(14)

Response magnitude of the nanotube-based planar sensor can
therefore be expressed as

=
−

= −
−

−

ε ε

ε ε

−

− +

R R

R

D

D
RM 1

2

2

kT
q N n

kT
q N n n

(air) (alcohol)

(air)

( )

( )

r

r

0
2

D a

0
2

D a g

(15)

Equation 13 represents the baseline resistance of the sensor.
With increase in tube length (L) and decrease in tube wall
thickness (D), baseline resistance of the sensor (R(air)) in-
creases as evidenced from the experimental results as shown in
Figures 8b and 9b, respectively. The rapid decrement of the
sensor resistance (R(air)) with increase in VO content (or increase
in carrier density, ND) can be correlated with eq 14. Moreover,
the expression of response magnitude in eq 15 confirms that
there is limited effect of the tube length variations on the sensing
performance of the sensor, which also agrees well with the
experimental findings (Figure 8). On the other hand, sensing
performance strongly depends on nanotube wall thickness (D),
and response magnitude (RM) is found to increase with decrease
in the tube wall thickness (according to eq 15). This is also in line
with the experimental results as presented in Figure 9.

■ CONCLUSION
The present work concerns the systematic approach to establish
the most favorable combination of three pivotal structural
parameters of the nanotube structure, namely, (i) stoichiometry/
oxygen vacancies, (ii) lengths, and (iii) wall thicknesses of
electrochemically grown TiO2 nanotubes, with an aim to achieve
efficient alcohol-sensing performance. The stoichiometry of the
nanotubes (Vo) was optimized by varying the H2O content
(0%, 2%, 5%, 10%, and 100% by vol) in the EG- and NH4F-based
mixed electrolyte. As a result, four distinctly different nanoforms
were achieved. It is revealed that neither of the structural
parameters, that is, (i) the lowest surface-to-volume ratio and the
highest oxygen vacancies (most non-stoichiometric) and (ii) the
highest surface-to-volume ratio with the lowest oxygen vacancies
(most stoichiometric), offer promising sensing performance.
The best optimization of these two parameters in the case of TN2
offered the most promising alcohol-sensing performance with
superior response magnitude along with appreciably fast
response time. For this particular stoichiometry, the lengths
and wall thicknesses of the nanotubes were varied (sequentially),
by varying the anodization time and temperatures, respectively.
While the length variation hardly influenced the sensing

performance, a typical wall thickness of ∼13 nm was found to
be the optimum for achieving promising response magnitude.
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