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Abstract

We propose a Ti wire functionalized with inherent anatase TiO: nanotubes by an
anodization process to serve as a one-electrode gas sensor. The design is similar to
other known one-electrode gas sensors when the wire is employed both as a heater
and measuring resistive element. We discuss the low-cost fabrication protocol, the
structure of the sensor characterized by Raman spectroscopy and electron microscopy,
and show the proof-of-concept sensor responses to a few organic vapors, acetone and
alcohols, in mixture with air. We have found the response-to-concentration curves to
follow a linear fit with a detection limit below 1000 ppm. These findings enlarge the
range of possible gas sensor architectures based on nanostructured material for

research and practical applications.
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Highlights
e New Ti wire-based platform for catalytic and one-electrode sensors has been

developed.
e The Ti-TiO: nanotube platform is simple and cost-effective to fabricate a gas

sensor.

® One-electrode sensors based on Ti wire platform are feasible for detection of

organic vapors and development of electronic nose.



1. Introduction

Since the middle of the XX century, gas sensors are utilized for different
applications related to monitoring and control of the environment [1] and now are
considered as one of integral components in an intelligent engineering [2,3]. For
example, according to recent estimations the gas-sensor market is valued to be about
$0.9 billion in 2019 and expected to grow with the rate of 6.2 % up to 2022 [4]. At this
market, the catalytic gas sensors, together with other semiconductor ones, occupy
about 40 % [4] to be employed in low-cost detectors because of simple design and cost-
effective mass-scale production technologies. Still, one-electrode sensors have some
advantages over conventional conductometric ones [5] as a low sensor resistance and
simplicity of measurement scheme which employs only one power supply [6].
Moreover, the one-electrode gas sensors are considered to exhibit lower sensor
resistance’s deviations from initial parameter values, i.e. rather a high stability of the
initial sensor resistance, that matures from the metal support wire. Therefore, this
parameter is not a subject to temporal drift which is often observed in conventional
two-electrode metal oxide sensors and allows one eliminating a necessity of frequent
sensor calibration. This is quite important issue for example in case of alarm sensors
to operate under autonomous conditions.

The fundamental operation principle for catalytic and one-electrode
semiconductor sensors which dates back to 60s [7] matures from the sensor resistance
change due to adsorption-desorption processes and catalytic reactions at the surface
[8, 9]. However, as thoroughly reviewed [5], such sensors have rather limited choice
of sensing materials appropriate to be employed for their fabrication. Normally, the
sensors are designed with the help of coiled Pt wire encapsulated in a porous
dielectric/conductive ceramic bead [10]. The wire serves both as a heating element and
as a resistor to be measured under appearance of toxic and flammable gases in an
atmosphere. Here, we will show another approach to develop such a one-electrode

sensor.



2. The concept of the proposed one-electrode sensor

The basic functioning of catalytic and one-electrode semiconductor sensors
implies the metal serving as a support wire should be stable up to approx. 500 °C while
the coating where the surface processes are occurred should be porous and have a
large active surface area for a free gas access. Moreover, the characteristic dimensions
of the fine structures of gas-sensitive material should be comparable with Debye
length at the surface region [11,12]. The mentioned requirements are efficiently meet
when taking Ti as a basic element. This material is a valve metal whose surface is
spontaneously passivated with a pristine dense oxide layer upon exposing to an air
environment and is related to the group of refractory metals having melting point of
1670 °C [13]. Recently, there has been reported a technological approach to grow TiO:
layer in a nanotubular structure by anodization over Ti support which is characterized
by a high-aspect ratio and advanced porosity [14,15]. These Ti features allow us to
suggest a possible sensor schematically drawn in Figure 1 which can function similar

to one-electrode sensor based on Pt wire.
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Fig. 1. The concept of new one-electrode sensor based on Ti wire functionalized with
inherent TiO2 NTs.

Here, we explore this concept and show that the anodization of Ti wire is a
feasible approach to realize a cost-effective protocol for producing discrete one-

electrode gas sensors without employing complex technology operations.

3. Material and Methods
3.1. Preparation and characterization of sensing material
In this study we utilized Ti wires with diameter of ca. 250 um (99.7%, Sigma-

Aldrich, USA) to be anodized in accordance with previously developed protocol [16].
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Prior to the anodization we polished the wires at room temperature for 1-2 secs using
an etching solution which contained HF (28 %), HNOs (30 %), H2504 (40 %) and
CHsCOOH (2 %); all chemicals were of analytical grade. The anodization process was
conducted in a two-electrode configuration in the custom-made Teflon® cell, volume
of ca. 150 ml, where the wires of 40 mm length were positioned with the help of the
commercial terminal sockets (Figure 2). The setup allowed one mounting
simultaneously up to eight Ti wires into the same cell as shown in the figure. All the
Ti wires were biased at the same positive electric potential as an anode versus a
stainless steel mesh, area of ca. 100 cm? which served as a cathode. The process was
carried out in the electrolyte composed of glycerol (99.5 %) and deionized water (18.2
MQ) in 3:1 ratio with addition of 0.75 %-mass. ammonium fluoride (98.0 %, Sigma-
Aldrich, USA) at a room temperature without steering. We applied a constant voltage
of 30 V and acquired the current transient using a lab power supply and multimeter

(Keithley 2000), accordingly.

Fig. 2. The experimental setup to grow the TiO2 NT layer over Ti wires. The positions are, 1 is
dc source of constant bias, 2 the negative potential pin (cathode) connection to grid, 3 the
positive potential pin to Ti wire, 4 the cover with multiple holes for Ti-wire sockets, 5 the
wire sockets, 6 the resistive-plastic container, 7 the fixing screw, 8 the steel grid; the insert

shows the single socket with the wire.

The duration of anodization process was up to 80 h. We tested the anodized Ti wire

samples obtained at various synthesis times. Following the anodization, the wires



were rinsed with water and then dried for 0.5-2 h at a room temperature. Before
assessing gas-sensor properties, we applied a current, up to 500 mA, for 4-10 h to
stabilize the oxide layer synthesized over the Ti wire.

To evaluate the morphology of TiO: NTs grown over Ti wires under
investigation we have employed scanning electron microscopy (SEM) combined with
focused ion beam technique (FIB) using Versa 3D (dual beam) microscope (FEIL, USA).
We sputtered Pt bar of 3x15 um? over the top of the TiO2 NTs layer and performed
partial etching of the Pt bar by FIB to enable a visualization of the interface which
otherwise could be distorted by over- sputtering.

The wire surface was inspected with Raman spectroscopy (DXR™ xi Raman
Imaging Microscope, ThermoFisher Scientific, USA) under excitation with a laser, 532
nm wavelength. The laser power was adjusted to be 0.1 mW; we applied an x50
objective. The exposure time was varied in the range of 15-60 s. At least 5
measurements were performed on Ti-TiO2 NT wires, each in the as-obtained state (just
after the anodization) and following an application of dc at 500 mA applied for a

thermal stabilization.

3.2. Gas sensor characterization

After the fabrication, the Ti-TiO2 NT wires housed at two-terminal sockets (Fig.
1, insert) have been studied as one-electrode sensor prototypes. To carry out the
electrical/ gas-sensing measurements we designed the home-made experimental setup
employing a gas-flow mode (Supplemental, Fig. S1). The sensors have been housed to
sealed chambers, of ca. 15.5 cm?® volume, equipped with entry and output tubes for
gas-flow mode measurement. To feed the setup a lab air was filtered and dried by dry
air generator (PG14L, Peak Scientific, UK) in conjunction with a precision compressor
(Peak Scientific, UK). The air was forwarded through precise mass-flow controllers
(Bronkhorst, Netherlands), yielding the gas flow rate up to 1000 sccm, via bubblers
containing the analyte solutions of isopropanol, ethanol and acetone of analytical

grade, to come to the gas chambers where one-electrode Ti-TiO2 NT sensors were
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mounted. During the gas-sensor measurements, the analyte solutions were stored at
temperature of 30+1 °C to ensure the reported test vapor concentrations within ca. 5 %
of error. It is worth noting here that the vapors extracted from the solution into the gas
tube could still contain the traces of humidity. We utilized two gas tube lines, for
background air and for test vapor emitted from bubblers, which were forked together
at the ratio driven by corresponding mass-flow controllers. The ordinary flow rate was
1000 sccm in this study. The vapor concentrations were varied in the range from 0.1 %
to 1 %.

The sensors were biased with conventional dc sources (Keithley 2230) and read
out by 10-channel multimeter (Keithley 2000) via a 25-pin socket with a rate of 2.07 sec
per channel array. All the setup was driven with PC operated under home-made
software with the help of the RS-232 interface. The Ti-TiO:> NT wires were measured
in the one-electrode configuration when the dc source is applied along the wire while
the voltage dropped along the wire, U, is read out. It is worth noting that we tested in
preliminary tests the measuring scheme frequently applied in semiconductor
chemiresistors when the sensor element is biased at constant potential in a divider
while the current is measured. The differences between the two schemes were minor

ones. The gas response of the Ti-TiO2 NT wire sensor was estimated as
S=-, )

where AU is the change of dc bias upon the test vapor exposure, Uo is the dc bias upon
the background air exposure. In several preliminary measurements, we varied the
operating current in a rather large range, up to 600 mA, and adjusted the optimum one
to observe the most prominent chemiresistive effect for each sensor.

The temperature of the Ti-TiO2 NT wires under Joule heating by passing a
current at a gas-sensor operation was estimated with IR-camera (R500EX-P D
AVIO/NEC, Nippon Avionics) equipped with macrolense to reach the highest possible
spot resolution of 21 um. To further estimate the temperature and its distribution over
the Ti wire under Joule heating during a sensor operation, we have utilized Comsol

Multiphysics@5.3a software package under a conjugate gradient iterative solver. The
7



mesh of the Ti wire in the model included at least 265000 degrees of freedom. The
physical model accounted for the material’s dependence of electrical conductivity,

density, thermal conductivity and heat capacity on the temperature.

4. Results & Discussion

4.1. Anodization of Ti wire

The current transient recorded during anodization of exemplary Ti wire is depicted in
the Figure 3. The initial stage of the anodization process is represented by a steep
current drop with time (Fig. 2, mark 1) from 30 mA to the values below 0.2 mA because
of the growth of compact oxide layer just in accordance to high-field theories [17,18]
or other models [19]. The drop is followed by a slight increase of current up to 0.2 mA
(Fig. 2, mark 2) around 2 h of anodization time with its further stabilization down to

about 0.1 mA with time at ca. 50 h.
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Fig. 3. The change of current with time during the anodization of Ti wire, 250 pm diameter,
at application of 30 V potential. The electrolyte is 3:1 gly/H>O +0.75% NHJF solution. See the
text for further details.

Such a current behavior is explained by increasing the surface area at the oxidized Ti
wire due to the appearance of tubular structure and further balanced interplay
between an oxide layer growth and etching [20]. At anodization time of about 50 h

(Fig. 3, mark 3) we notice a decrease of current with greater slope which gets to be
8



more pronounced reaching 70 h (Fig. 3, mark 4). These changes corroborate well with
reducing of the oxidized Ti wire diameter which is accompanied by decreasing of it
exposed surface as a quadratic function of the wire radius. As we show further in
Section 3.2, the wire’s anodization process is accompanied by a formation of rather
developed meso-nanoporous surface area in the time interval of 40 - 80 h. At the time
around 81 h, there is a break of the wire due to mechanical stresses. Therefore, we have
not exceeded 80 h of anodization time in our experiments. It is worth noting here that
the anodization time could be significantly reduced when taking initial Ti wires of
smaller diameter closer to geometry optimal for gas-sensing performance which we

discuss in Section 4.3.

4.2. The characterization of Ti-TiO2 NT wire structure

The SEM inspection of the surface of Ti wire after the anodization reveals an
appearance of TiO: NT layer where NT mean internal diameter and NT height depend
on the anodization time. Using SEM/FIB we have evaluated the geometry of the Ti-
TiO: NT wires and the appeared nanotubular oxide layer morphology after
anodization at various time durations in the range from 15 min to 80 h. Some of
exemplary images are collected in Figure 4 to characterize the wires after 15 min, 1 h,
5 h and 60 h of anodization. As one can see, at 15 min of anodization the NTs start to
grow from the mesoporous oxide layer and appear to be properly formed at longer
anodization time. We have estimated the diameter of the metal core as the difference
between overall Ti-TiO2 NT wire diameter and doubled height of NTs in dependence
on the anodization time. The data plotted in Figure 5a show that the Ti core diameter
decreases linearly with the anodization time down to 67 um observed at 80 h of
anodization facilitated both by an oxide layer growth and its etching while NTs do not

grow linearly with anodization.
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Fig. 4. The SEM images of Ti-TiO2 NT wire to be the subject of anodization for 15 min (a), 1h

(b), 5h (c) and 60 h (d). Left column are the images of the whole wire, the middle column are

the images of the wire surface, the right column are the images of the NT array cross section
taken with FIB etching.

Till ca. 10 h of anodization the NTs grow rather linearly from ca. 0.6 pm to ca. 5.3 um
in agreement with other studies [21]. Further, the height still increases with time but
much slower to reach ca. 10 um at 60 h. When matched to the SEM images of Fig. 4
this decrease matures from deviations in NT layer height; the surface appears to be
rather developed when anodization time is greater than 50 h. Thus, at long-term
anodization the etching process should primarily control the NT layer thickness. The
NT internal diameter is rather stable and varies in range of 110-135 nm at different

anodization times (Figure 5b) that allows an easy gas access to a total oxide surface.
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Fig. 5. (a) The dependence of geometry and morphology of the Ti-TiO2 NT wire on
anodization time. (a) Ti core diameter (left y axis), the thickness of oxide layer or a
height of NTs (right y axis). The curves are drawn over the experimental data (points)
by least squares method as a guide for eyes; (b) NT internal diameter (left y axis) and
NT density (right y axis).

Another remarkable feature of NT growth with anodization time is that the NTs
appear primarily to be rather dense packed (15 min and 1 h of anodization) and start
to diverge at larger duration of anodization time (5 h of anodization) what might be
facilitated by etching of the NTs. When the anodization time is about 60 h the NTs tend
to form rather separate clusters with large between-in mesopores of up to micron
range. Accordingly, the surface density of the NTs at the wire surface goes from ca.
3.4-10° cm™ observed after 1 h of anodization to ca. 2.3-10° cm at 5-50 h of anodization
with further reduction down to ca. 1.0-1.3-10° cm? at 60-80 h of anodization. So, the
oxide layer following 60-70 h of anodization is rather dispersed to favor a gas access
while the metal core is preserved to be mechanically stable. As a result, we have the
structure of the Ti-TiO:2 NT sensor drawn schematically in Supplemental (Fig. S4)
which is rather optimal one because, in one hand, it localizes the advanced
temperature in the working area under sensor operation and, on the second hand, it
ensures appearing side electrical contacts to synthesized Ti NTs that is an imperative
condition for current going via the nanotubular oxide layer.

The Raman spectra of the surface of Ti-TiO. NT wires, subjected to 60 h
anodization, are given in Figure 6. The sample belongs to wires which were found to

have optimum gas-sensing performance as discussed in Section 3.3. The red and black
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curves drawn in the figure correspond to the as-prepared Ti-TiO2 NT wire and the
wire which was a subject to heating under applied dc equal to 500 mA for 1 h to model

the sensor operation, respectively.
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Fig. 6. Raman spectra of the Ti-TiO2 NT wire surface. Red dotted line corresponds to the
sample as-obtained just after the anodization for 60 h, black solid line corresponds to the
sample which was a subject to applying the dc current, 500 mA, for 1 h. The peaks are
marked according to [22-24].

As one can see, the as-deposited sample does not exhibit any vibration features
because the TiO: NT layer is amorphous in accordance with other studies [22, 23].
However, heating of the wire results in a crystallization of the oxide NTs that leads to
the appearance of six Raman active modes characteristic for anatase which are marked
as Aig, Big(1-2), and Eg(1-3) [24]. The observed bands at 145 cm™, 199 cm™ and 639 cm™!
could be assigned to Eg modes while the bands at 400 cm™ and 518 cm™ correspond to
Bis and Aiz modes. Typically for the anatase, the Eg(1) mode is characterized by the
higher intensity when compared to other ones. According to Frank et al. [22], Aig
appears due to an intrinsic oxygen vibration and Big(1) mode attributes to intrinsic Ti-
atom vibration. The other vibrations, Eg¢(3), B1g(2) and Eg(1,2), characterize mixes of O-
and Ti- atoms motions, Ti-O bond stretching and O-Ti-O bond bending type
vibrations, accordingly [23, 24]. So, the Raman spectra ensure the NTs to appear in
anatase phase at the wire surface following the Joule heating in a good accordance

with our previous observations [25].
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4.3. The gas-sensing performance of Ti-TiOz2 NT one-electrode gas sensor

We tested a large number of Ti-TiO2 NT wires to be a subject of fabrication at
different anodization time as discussed in Sections 3.1 and 3.2 upon the exposure to
analyte vapors. As noted above, the wires obtained at 80 h of anodization were found
to be unstable both in mechanical and electrical/gas-sensing properties. The wires
obtained by anodization for the time below 60 h were mechanically stable but required
a significant current to activate the chemiresistive effect. Therefore, we employed for
gas sensing measurements the wires obtained at 60 h and 70 h of anodization.

The Figure 7a displays the dependence of response of these two Ti-TiO2 NT wire
one-electrode sensors versus isopropanol, 0.1 % concentration, on operating current.
As one can see, the currents of around 540 mA and 380 mA are required to observe the
maximum magnitude of the sensor response for the wires of 60 h and 70 h of
anodization, correspondingly. At this current, the dissipated Joule power, P, lies in a
range of 0.6-0.7 W. Since this effect depends primarily on enhancing the wire
temperature under Joule heating we tried to find out it with a help of the IR camera.
The calibration of the IR camera within the measured geometry range is rather
challenging because microscopic defects at any material surface give a significant
scatter of the measured temperature. Therefore, we employed two independent ways
of the camera calibration. Primarily we have heated the Ti-TiO: NT wire and a
chromel-alumel thermocouple together at the same hotplate up to 350 °C. In this case,
the emission coefficient from the oxidized part of the wire at its middle point was
found to be 0.97 to match the thermocouple values in range of 250-350 °C. Secondly,
we calibrated the resistance of the Ti-TiO: NT wire, R, versus a temperature, T, in a
thermostatic oven to get the R(T) curve up to 350 °C. Then, we measured the IR
radiation from the same wire heated by dc according to sensor operation to be
compared with the known R(T) function. In this case, we found the emission
coefficient to be equal to approx. 0.6. The noted discrepancy in the emission coefficients

reflects a scatter which might appear when measuring such rather small objects where
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microscopic defects yield a significant effect. It is still worth noting here that the
diameter of these Ti-TiO2 NT wires, 110-135 um, is close to the resolution limit of the
IR camera. Therefore, the IR camera measurements further account for an interference

with surrounding air.
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Fig. 7 (a) The effect of operating current/Joule power on the gas response of one-electrode
gas sensor based on Ti-TiO2 NT wire prepared at 60 h and 70 h anodization versus
isopropanol vapors, 0.1 % concentration, in mixture with background dry air; (b) The effect
of Joule power on the temperature of the Ti-TiO2 NT wire, 60 h of anodization, in lab air
conditions measured by IR camera. The points are experimental data measured with IR
camera under two emission coefficients, 0.6 and 0.97; dotted lines indicate calculation results
with Comsol Multiphysics@5.3a accounting for material emission coefficient equal to 0.6 and
0.97, other parameters are given in the text, insert shows the temperature distribution at
pixels in the IR image; c) the heat pass mechanisms in the Ti-TiO: NT wire under operation
as the gas sensor.

We have plotted the T(P) dependence, in case for the Ti-TiO2 NT wire of 60 h
anodization, employing IR-camera data recorded at the two values of emission
coefficients to define the range of operating temperatures (Figure 7b). The data follow

a linear function and the value of P=0.62 W, which was applied under gas sensor tests,
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relates to 300-380 °C temperature range. This operating temperature range is further
supported by modelling the heating processes in the Ti-TiO2 NT wire under dc impact
using Comsol Multiphysics@. In general, three major processes are responsible for heat
dissipation in the wires, including a thermal conductivity from the wires to a metal
interface in the socket, convection to environmental gas and an electromagnetic
radiation (Figure 7c). For instance, when applying the Joule power to the Ti-TiO2 NT
wire, 60 h of anodization, up to approx. 0.6 W, convection dominates to pass ca. 88 %
of the total input power, while ca. 7 % and ca. 5 % dissipate accounting for a radiation
and a heat conduction, correspondingly, as detailed in Supplemental. The calculated
T(P) curves have agreed with experimental results and show the temperature of ca.
320 °C when the power equal to 0.62 W is applied (Figure 7b). These obtained operating
temperatures are similar to ones which we observed when measuring TiO2> NT array-
based multisensor chip to get a chemiresistive effect [25]. However, when compared
to pure TiO2 NTs in one-electrode Ti-TiO2 NT wires there is a heated metal support
core which “shunts” a resistance of the oxide layer. Therefore, the absolute values of
gas responses observed here are lower.

Based on these findings, we have tested Ti-TiO: NT wires to look for
dependence of gas response on analyte vapor concentration. The Figure 8 displays the
exemplary U/Uo(t) curves recorded for Ti-TiO:2 NT wire, 60 h anodization, subject of
feeding by electrical power equal to 0.62 W, upon an exposure to the three test analyte
vapors at various concentrations of 0.1-1 % range. Due to intrinsic limitations for vapor
generation using bubblers at room temperature, the isopropanol vapors are given up
to 0.7 % while acetone starts from 0.3 % of concentration which, however, do not
disturb the experimental trends. As one can see, the measuring U voltage quickly
drops down following the analyte appearance according to a reduction of the wire
resistance and reversibly returns back to initial value after flushing with dry air. The
effect is reversible and reproducible as shown by numerous sequential gas analyte
exposures drawn in Fig. 8. Because of rather large gas chamber, where the sensors

were mounted, we cannot estimate precisely the response/recovery time but these
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characteristic times are less than 10 sec to be comparable to that of atmosphere change

within the sealed chamber.

0.1% 0.3% 0.5 % 0.7 % 1%
I E X e
i Jadaw £ 4
=" 0999 A g Wr‘ f‘“ 1 (’ f‘ r“ : P r’ r‘ pLg
=._ 0998y : B e AR MY A . /
= 0.997 . | . E { kp. yp = M e A.000
g~zgg Isopropanol L r r o /'
TT0 10 20 300 40 50 | 60 70 80 90 100 110 120 [130 |140 }m
Time, min ¢ 0.999
1.001
1.000 fiﬁw&v‘\-w%ﬂ e g m o~ P ,..-» fﬁ* f‘k e m W du
= 0.999 . |
=_ 0.998 oA W '% 0.998
= 0.997 na L.u sk -
09961 Ethanol gk P =
70 10 20 30 40 50 | 60 70 80 | 90 100 110 120 | 130 | 140 S0 0.997
Time, min
1.001 "d
1.000
o /’f’ff‘r‘f"r'r'ff‘//‘\gm
=_ 0.998 & 1 i
= 0997 bt ’w "'g" o ‘.ﬁg ;& ‘ﬂu{
0.996 . r t 5 f
0095 | A EETONE : A ,H. B | 0005 rrrrrerrrieem
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 8770 8780 9070 9080
Time, min Time, sec

Fig. 8. The change of measuring voltage during the operation of Ti-TiO2 NT wire-based one-
electrode sensor upon exposure to three vapor analytes, isopropanol, ethanol, acetone, at
various concentrations, 0.1-1 %, in a mixture with the background air. The data are given for
exemplary sensor fabricated at 60 h of Ti wire anodization under application of 0.62 W
electrical power.

The analytical signal of voltage change exceeds the magnitude of the experimental
noise even at 0.1 % concentration of vapor concentrations. These data are comparable
to extensively studied carbon-derived nanostructures like nanotubes or graphene [26].
The higher analyte concentrations produce more pronounced effect. For example, we
have drawn the dependence of gas response of Ti-TiO2 NT wire, 60 h of anodization,
on analyte concentrations in Figure 9. All the curves follow a linear function which is
an inherent advantage of one-electrode sensors in agreement with other reports
dealing with SnO: [27, 28] and In:0s [29, 30] sensing materials. The observed
differences in the response to different analytes could relate to surface chemistry
(receptor function) and reflect an exchange between local states in the gap and
conductance band of TiO: as well as to free carrier diffusion along/into the meso-

nanoporous oxide layer (transduction function).
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Fig. 9. The response-to-analyte concentration dependence of one-electrode sensor based on Ti-
TiO2 NT wire, 60 h of anodization. The analytes are isopropanol, ethanol and acetone at 0.1-1
% concentration range in mixture with a background dry air.

These observations ensure that the developed one-electrode Ti-TiO: NT sensors have
sensitivity appropriate for in-practice detection of alcohols. However, the single sensor
responses are not selective enough to distinguish the test analytes. To approach it, we
have employed the concept of e-nose which considers combining sensors with diverse
characteristics into an array [31] and further vector signal processing by pattern
recognition techniques [32].

For differentiating the properties of the developed one-electrode sensors we
have considered a time of anodization which is the most influential parameter for the
sensor fabrication as discussed above. The e-nose multisensor array tested here have
been composed of minimum number of three one-electrode sensors based on Ti-TiO:
NT wires, two prepared at 60 h of anodization and one prepared at 70 h of anodization,
which were exposed simultaneously to organic vapor analytes. The Figure 10 (a-c)
shows the distribution of sensor responses in this rudimentary multisensor array
versus to three analytes. As one can see, the distributions are specific to vapor kind that
allows one its selective recognition.

The generated array vector signal has been processed by linear discriminant

analysis (LDA) as detailed in our previous works (see, for instance, [33, 34]). In brief,
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this technique transfers the primary vector signal recorded for different classes of
measurements into another coordinate system where these vectors could be
distinguished to a maximum degree via optimizing a ratio of between-class variation

of vector signals to their in-class dispersion [35].
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Fig. 10. (a-c) The vector signal of multisensor array consisted of three one-electrode sensors
based on Ti-TiO2 NT wires, 60 h (60 h: and 60 h2) and 70 h (70 h1) of anodization exposed to
three vapor analytes, isopropanol (a), ethanol (b) and acetone (c), the sensor responses are
normalized to maximum values for clarifying “sensor patterns” of the vapors; (d) LDA
processing of the vector signals to three organic vapors of 0.7 % concentration. The circles are
built around cluster gravity centers with 0.95 confidence level while the points are
experimental signals.

Figure 10d shows the vector signals of our array of one-electrode sensors based on Ti-
TiO2 NT wires to vapor analytes, 0.7 % concentration, being processed by LDA to

project into a coordinate system of first two LDA components. As one can see, the
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vector signals to various analytes are grouped at well-separate areas of the LDA space.
The possession of points to classes is defined by circles built with 0.95 confidence level
around the classes’ gravity centers. The most of experimental vector points fall into the
defined classes which allow one recognizing the vapor analytes even with such a

rudimentary multisensor array.

4. Conclusion and future work

We have tried out the protocols to design one-electrode sensors based on Ti
wires with TiO2 NTs at high-aspect ratio which is different to ones based on noble
metals and tested the sensor performance versus organic vapors in sub-percent
concentration range. An inherent property of the developed sensors is the linearity of
sensor response with gas concentration which could be detected at least down to 0.1
%. To further advance the sensor characteristics the bridge electronic circuits when
two and more sensors are combined could be employed.

The considered Ti-wire platform has been studied as a one-electrode sensor
where the chemiresistive effect dominates. Nevertheless, there are opportunities to
perform a catalytic sensor by the wire surface modification via the known catalysts
which promote a catalytic oxidation of flammable gases. In this case, the effect of
temperature modulation in the working area will play a significant role. Altogether,
the suggested technology is characterized by extreme simplicity which does not
require a complicated equipment that makes it favorable when compared to known
conventional routes to produce gas sensors. Since the suggested fabrication protocol
of the Ti-TiO2 NT sensors is compatible with planar technologies they could be further

explored in frames of MEMS technologies, also in terms of long-term stability.
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