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Abstract. Wide band gap semiconductors are extensively used to realize sensors
for the detection of a great variety of gases. The study of the sensing mechanism
is at the base of the understanding, as well as the tuning, of the sensing properties.
In this work, anatase and rutile, polymorphic forms of TiO, were considered to be
characterized through a combined approach (based on spectroscopic techniques
and electrical measurements) finalized to determine the processes involved in the
detection mechanism during interaction with carbon monoxide.
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1 Introduction

Today, gas sensors based on semiconducting metal oxides (such as SnO,, ZnO, TiO»,
WO3, etc.) are successfully used in many applications (for example in pollutant moni-
toring, in the control of industrial systems or food quality, in medical diagnosis, etc.) to
detect a large number of gaseous compounds (CO, O3, CoHyg, NOx, VOCs, etc.) [1]. They
exploit the chemiresistive effect for which the interaction of a gas with their surface can
induce a significant change in the electrical resistance/conductance of the oxide. There-
fore, the electrical resistance/conductance is the main parameter typically recorded. It
is a simple task but this does not provide direct information about the processes that
occur during sensing. To describe the sensing mechanism of a specific material toward
a specific gas, it is necessary to determine the electronic properties of the oxide during
the interaction with the gas.

In this work, our proposed approach is based on the combination of the spectroscopic
characterization of the oxide (absorbance FT-IR, diffuse reflectance UV-Vis-NIR) with
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the electrical measurements performed on the related thick films. Indeed, the IR and
UV-Vis spectroscopies represent a convenient experimental characterization to study
the electronic properties and surface chemistry of metal oxides [2, 3]. When there are
point defects in these oxides, there are shallow levels in the band gap, with an activation
energy typically between 10~ and 10! eV, being responsible for their semiconducting
properties, thus for their gas sensing properties. It is possible to test these defect levels
by the absorption of the electromagnetic radiation at specific energies and to detect the
changes in level populations and in free carrier concentration by varying the temperature
or the atmosphere.

Here, we focused our attention on the titanium oxide both in anatase and rutile phase
as functional material. Anatase is a TiO, meta-stable phase which irreversibly transforms
to rutile phase, that is thermodynamically stable, at temperatures higher than 600 °C [4].
The pros and cons of using anatase or rutile in gas sensing have been debated since
decades and discussion is still open [5]. In the following, the results of the combined
approach (based on spectroscopic techniques and electrical measurements) to determine
the processes involved in the detection mechanism for TiO5 in anatase and rutile phase
are reported in the case of carbon monoxide (CO) as interacting gas.

2 Materials and Methods

TiO, preparation — The anatase powder was synthesized via sol-gel route by dissolving
Ti(IV) n-butoxide (Merck, 97%) in absolute ethanol to obtain a 0.23 M solution. Subse-
quently, an ethanol/water 1:1 vol. Solution was added drop by drop under rapid stirring
to the first one. The mixture was filtered by gravity, washed with diethyl ether and dried
at 90 °C for 12 h in air, then calcined at 450 °C for 2 h. To obtain the rutile sample, the
anatase powder was annealed at 850 °C for 1 h [6].

Morphological characterization — Powder morphology was studied with Field Emission
Scanning Electron Microscopy (FE-SEM) by a Carl Zeiss Sigma microscope.

Structural analysis — X-ray diffraction (XRD) analyses were performed by using a Philips
PW 1830 vertical diffractometer with Bragg—Brentano geometry. The unit cell param-
eters were estimated with FullProf software (structure profile refinement), while the
crystallite size was calculated by Williamson-Hall method [7].

Spectroscopic characterization — Diffuse reflectance (DR) UV-Vis-NIR spectra were
run at RT on a Varian Cary 5 spectrophotometer. For the analysis, the prepared pow-
ders were placed in a quartz cell, allowing thermal treatments in controlled atmosphere
up to 800 °C. Spectra are reported with the Kubelka—Munk function [f(Ry) = (1 —
Roo)?/2R 0, Where Ry, is the reflectance of an ‘infinitely thick® layer of the sample] in
the ordinate scale [8]. Absorption FT-IR spectra were run on a Perkin-Elmer 2000 FT-IR
spectrophotometer equipped with a Hg—Cd—Te cryodetector, working in the range of
wavenumbers 7800—580 cm~!. The powders were compressed in self-supporting disks
and placed in a commercial heatable stainless steel IR cell (Aabspec) allowing in situ
thermal treatments up to 600 °C and simultaneously spectra recording. For both UV-
Vis-NIR and medium IR (MIR) analyses, samples were activated at 550 °C in vacuum
and in dry oxygen, then underwent treatment in CO at 400 °C.
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Sensors fabrication — The thick films were deposited on miniaturized alumina substrates
provided with Au contacts and heaters by screen printing and fired at 650 °C.

Electrical characterization — Sensors were tested by the flow-through technique with a
constant flow rate of 0.5 L/min. Conductance vs. temperature was measured and the sur-
face energy barrier obtained through temperature stimulated conductance measurement
[9] both in dry air and in a mixture of dry air and CO. Sensor dynamic responses to CO
in dry air were obtained at working temperatures between 350 and 550 °C.

3 Results and Discussion

SEM images showed a homogeneous size distribution of spherical particles both for
anatase (Fig. 1A) and rutile (Fig. 1B) powders. As expected, a considerable grain growth
occurs when the crystalline phase changes from anatase to rutile [10]. XRD patterns
(Fig. 1C) confirm anatase (space group I4{/amd) and rutile (space group P4,/mnm)
phases, providing a medium crystallite size of 12 and 101 nm, respectively.
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Fig. 1. SEM images of TiO, anatase (A) and rutile (B) powders and their XRD patterns (C).

The conductance vs. temperature curves (Arrhenius plots) in air (Fig. 2A) showed for
both materials the n-type semiconductor behavior. The shape of the Arrhenius plots and
the conductivity are very different for the two TiO; phases. At low temperature, anatase
exhibits a conductivity about two orders of magnitude lower than the rutile one. On the
other hand, the conductivity for the rutile film does not change in the temperature range
100-400 °C. The dry air/CO atmosphere induces an increase in the anatase conductance
not observed for rutile sensor, implying better sensing performance for anatase sensor.
This is confirmed, as it is shown in Fig. 3, where we report a comparison between the
responses in dry air to 50 ppm of CO for TiO, anatase and rutile based sensor. Taking
into account the surface energy barriers vs. temperature (Fig. 2B), we can observe higher
barrier height in presence of reducing atmosphere, in particular for the anatase sensor.
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This behavior appears immediately in disagreement with the sensing mechanism based
on the Schottky barrier model for n-type semiconductors, already observed for example
in ZnO and SnO; [11]. Such mechanism consists in a releasing of trapped electrons of
1onosorbed oxygen atoms after a surface chemical reaction with a consequent decreasing
of the barrier height and the increasing of conductance.
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Fig. 2. For the two TiO, powders: comparison of conductance vs. temperature in dry air and in
a mixture of dry air and CO (100 ppm) (A) and comparison of the energy barrier dependence on
temperature in dry air and in a mixture of dry air and CO (100 ppm) (B).
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Fig. 3. Responses to 50 ppm of CO reported as Goo/Gyjr obtained at different temperatures for
the two TiO; powders.

The results of the spectroscopic characterization shed light to this unexpected
behavior.

Figure 4 shows both the DR UV-Vis-NIR spectra (section A) and absorption spectra
in the MIR region (section B) of anatase (black traces) and rutile (red traces). After
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treatment in oxygen at 550 °C (dashed traces), the interaction with CO at 400 °C causes
the formation of broad absorptions for both samples (solid traces).

anatase A B
rutile 01A
0.1 K.M.
:
|
\
\
\
\
lI
]
\
\ \
\ \|
. \".‘I:/‘;::::'::.—'.—.—_—.-'..---g'____T___'.- ——
28500 20000 15000 10000 5000 3000 1500

Wavenumber (cm'1)

Fig. 4. Diffuse reflectance UV-Vis-NIR spectra (A) and absorption spectra in the MIR region (B)
of anatase (black traces) and rutile (red traces) after treatment in oxygen at 550 °C (dotted traces)
and after interaction with CO at 400 °C (solid traces).

Itis well evident the different spectroscopic behavior of the two samples. In particular,
for rutile the interaction with CO causes the formation of a broad band centered in the
Vis-NIR spectral region with a weak tail in the medium IR region. This absorption is
related to the presence of Ti>* jons and assigned to a metal-metal charge transfer from
Ti3* to Ti** ions, also known as polaronic transition [12—14]. The absorption shown
by anatase after interaction with CO at 400 °C is more complex. In this case, at least
three contributions can be distinguished, as evidenced by dashed blue curves in the
Fig. 4: 1) an absorption related to the polaronic transition already discussed for rutile;
2) an absorption centered in the MIR region and related to the photoionization of mono-
ionized oxygen vacancies [15—17] and 3) an absorption that increases in intensity upon
decreasing the wavenumbers, a feature characteristic of free electrons in the conduction
band [18].

It is clear that an increase in conductance together with an increase in energy barrier
height in CO atmosphere means that the electrons which enter the conduction band as
a response to CO do not lower the barrier as foreseen by the Schottky barrier model. A
similar behavior has been already seen for the mixed TixSn;_xO> oxides with x > 0.3,
for which CO interacts with the surface lattice oxygen atoms whose bond electrons do
not participate to the development of the spatial charge region and thus of the Schottky
barrier [19]. Finally, it must be considered that the pure titania in rutile phase is affected
by an exaggerated grain coalescence. In this case, the pinning of Fermi level can develop,
so hindering the gas response; thereby it is reasonable that the two energy barriers, in
air and in CO, do not differ significantly from one another, because very weak sensing
process occurs [19].
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