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Abstract: Gas sensors that are based on metal oxides are extensively used to detect gaseous com-
pounds in many different applications. One of the main tasks for improving the sensor performances
is to understand the mechanism at the base of the sensing properties for each specific material. In
this work, pure and mixed oxides were selected and synthesized in the form of nanometric powders.
They were characterized by spectroscopic techniques, i.e., absorbance FT–IR and diffuse reflectance
UV–Vis–NIR spectroscopies, to obtain information about the electronic properties and the type of
defects that are involved at the root of the gas-sensing capabilities. The electrical characterization and
the gas-sensing measurements were carried out on the related thick films. Finally, for each material, a
description of the specific sensing mechanism is proposed by combining the characterization results.

Keywords: thick film gas sensors; nanostructured semiconductor oxides; UV–Vis–NIR and FT–IR
spectroscopies; electrical characterization; sensing mechanisms

1. Introduction

The adsorption of a gas on the surface of a semiconducting oxide can induce a signifi-
cant change in the electrical resistance/conductance of the material [1]. This effect is at the
basis of the development of the chemoresistors that are used for gas detection [2,3].

Due to their high sensitivity, tunable selectivity, easy production, small dimensions
and low cost, they are successfully used in a broad range of applications such as pollutant
monitoring [4,5], safety alert mechanisms [6], food quality control [7,8], industrial system
control [9], and medical diagnosis [10,11] to detect the reducing and oxidizing gaseous com-
pounds [12,13]. Despite this, an increasing demand for gas sensors with high performances
has been documented [13] together with a higher research interest in them.

Many actions can be made to improve the sensing performances, primarily focusing
the attention to the development of tailored functional materials. For example, it is possible
to synthesize nanostructures with a smaller dimension [14], with a high specific surface
area [15] by loading it with noble metals [16,17], but a very important issue is to deter-
mine the conduction and sensing mechanism of the materials at the base of their sensing
properties [12,18].

In the electrical characterization, the main parameter that is typically measured is
the conductance. All the operating characteristics of the sensors are derived from this
measurement, considering the strength and the weakness of semiconductor sensors. On
one hand, it is simple and easily measurable, while on the other hand, it is a second-order
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parameter that, although it is very sensitive to some reactions at the solid surface, is not a
direct indicator of the exact processes that are taking place.

For this reason, we investigated the behavior of different pure and mixed oxide
materials by means of absorbance FT–IR and diffuse reflectance UV–Vis–NIR spectroscopies
to enlighten the electronic properties.

The IR and UV–Vis spectroscopies represent effective experimental tools for investi-
gating the electronic properties and surface chemistry of a broad group of metal oxides,
being relevant for gas sensing [12,19,20]. When pure and perfectly stoichiometric, these
oxides are insulating materials, transparent in the medium and near IR spectrum (MIR
and NIR) and in the UV−Vis range up to the energy corresponding to the valence band
(VB)—conduction band (CB) electronic transition. However, the presence of electronic
levels that are close to the bottom of the CB (donors) or to the top of the VB (acceptors),
arising from a variety of point defects, is responsible for their semiconducting properties
and hence, for their gas sensing properties. The typical values for the activation energy
of the donors and acceptors range from 10−3 to 10−1 eV. Therefore, it is possible to test
these states by the absorption of the electromagnetic radiation at energies that are suitable
to induce the electron photo-ionization from the donor levels to the CB or from the VB
to the acceptor levels. Simultaneously, the presence of free carriers (electrons or holes)
can be revealed by their characteristic continuous absorption of the radiation in the MIR
range. Moreover, it is possible to detect the changes in the level populations and in the
free carrier concentration by changing the temperature or the interacting atmosphere. The
spectroscopic responses were studied in the range that spanned from room temperature
(RT) to 500 ◦C both for the interaction with pure gas and for mixture target gas/O2 at
different concentrations depending on the specific oxide.

By coupling the spectroscopic results to those of the electrical characterization, we are
able to describe the specific sensing mechanism for each studied material.

2. Materials and Methods

A selection of semiconducting oxides (single, such as SnO2, WO3 and TiO2, or com-
bined, such as Ti-Sn and W-Sn mixed oxides) were prepared through wet chemistry meth-
ods [21] using reagent-grade starting materials and solvents without any further purification.

WO3 powder was prepared from a 0.02 M solution of WCl6 (Merck) in absolute
ethanol. After the addition of a small amount of 2,4-pentanedione (Merck), the solution
was submitted to a warm treatment in a sonic bath and then to a rest of 2 h. The WO3
precursor was filtered, washed with diethyl ether and dried at 90 ◦C for 12 h in air, then
calcined at 650 ◦C for 2 h.

W-Sn mixed oxides were obtained by dissolving stoichiometric proportions of Tin(II)
2-ethylhexanoate (Merck, 97%) in a proper amount of 1-butanol and WCl6 (Merck) in
absolute ethanol. After the mixing of the two starting solutions, diluted HNO3 was added
to catalyze the hydrolysis process. The product was filtered, washed with diethyl ether and
dried at 90 ◦C for 12 h in air, then it was calcined at 550 ◦C for 2 h.

In the following, we refer to samples with a Sn content of 10, 30, and 90% as WS10,
WS30, and WS90, respectively.

SnO2 synthesis starts by adding a given amount of deionized water drop by drop to a
1-butanol solution 0.7 M of tin(II)2-ethylexanoate (Merck, ~95%). The pH of the solution
was maintained at 1 by the addition of HNO3. After 3 h of stirring at room temperature,
the solution was filtered and the resulting gel was dried at 90 ◦C for 12 h in air, then it was
calcined at 550 ◦C for 2 h.

Ti-Sn mixed oxides were obtained by dissolving stoichiometric proportions of Sn(II)2-
ethylexanoate (Merck, ~95%) ad Ti(IV) 1-butoxide (Merck, 97%) in a hydroalcoholic solution
at a temperature of 50 ◦C under continuous stirring. Diluted acid was added to slightly
modify the hydrolysis rate, and the resulting colloids were filtered, washed with diethyl
ether and dried at 90 ◦C for 12 h in air. The resulting powders were calcined at 550 ◦C for
2 h.
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In the following, we refer to samples with a Sn content of 10, 30, and 50 % as TS90,
TS70, and TS50, respectively.

TiO2 powder was prepared by dissolving Ti(IV) n-butoxide (Merck, 97%) in absolute
ethanol (0.23 M). Subsequently, a solution ethanol/water in 1:1 vol. was added drop by
drop under a rapid stirring condition to the first solution. The mixture was filtered, washed
with diethyl ether and dried at 90 ◦C for 12 h in air, and then, it was calcined at 450 ◦C for
2 h.

The oxide powders were analyzed by using a Field Emission Scanning Electron
Microscopy (FE-SEM) Carl Zeiss Sigma microscope operating at 3.00 kV for studying their
morphology.

The crystalline structure and the average crystallite size were evaluated starting from
the X-ray diffraction (XRD) patterns that were collected using a PW 3830/3020 X’Pert
Diffractometer (PANalytical) working with Bragg-Brentano geometry and using the Cu
Kα1 radiation (λ = 1.5406 Å). In particular, the values of average crystallite size were
calculated by Williamson–Hall method which was applied to the XRD patterns [22].

The specific surface areas (SSA) were determined by applying the Brunauer–Emmett–
Teller (BET) method to the adsorption/desorption isotherms of N2 at 77 K which were
obtained using a Micromeritics ASAP 2010 physisorption analyzer.

The powders were characterized by means of spectroscopic techniques with the aim
to evaluate the electronic properties and defects that are involved in the sensing processes.

Absorbance IR spectra were collected using a Perkin–Elmer System 2000 FT–IR spec-
trophotometer, which was equipped with a Hg–Cd–Te cryodetector, and that was working
in the range of wavenumbers 7800–580 cm−1. For IR analysis, the powders were com-
pressed in self-supporting discs (∼20 mg/cm2) and placed in a commercial stainless steel
IR cell (Aabspec).

Diffuse reflectance spectra in the UV–Vis–NIR region were run using a Varian Cary
5 spectrophotometer that was working in the range of wavenumbers 53000–4000 cm−1.
Spectra are reported as Kubelka–Munk function [f(R∞) = (1 − R∞)2/2R∞, where R∞ is the
reflectance of an “infinitely thick” layer of the sample] in the ordinate scale.

The spectroscopic responses were studied in the range that spanned from room tem-
perature to 500 ◦C both for the interaction with pure gases and for mixture gas/O2 at
different concentrations depending on the oxide [23,24].

For obtaining thick films for electrical characterization and gas sensing measurements,
the functional materials were added to an organic vehicle together with a small percentage
of glass frit. Then, they were deposited on alumina substrates with interdigitated Au
contacts and a heating element, and they were finally fired at 650 ◦C. The flow-through
technique was used by maintaining a flow rate of 0.5 L/min, using synthetic air as carrier
gas in dry conditions for the: (i) conductance measurements vs. temperature (Arrhenius
plot) in the range room temperature −650 ◦C; (ii) surface potential barrier height measure-
ments to determine the intergranular energy barrier (Schottky barrier) versus temperature,
following the method of stimulated temperature conductance measurements that was
described by Clifford and Tuma [23,25]; (iii) dynamical responses which were obtained in
the presence of a mixture of different gases and operating temperature from 350 to 550 ◦C.
The sensor response was calculated as the ratio between the conductance in the presence of
the gas test and the conductance in air.

In this work, we selected the carbon monoxide (CO) as gas test for all the materials
and for all the characterizations.

Finally, a sensing mechanism was proposed for each material by combining the results
of spectroscopic characterization and those of electrical characterization.

3. Results and Discussion
3.1. Material Characterizations

The SEM observations showed a homogeneous distribution in the size and shape and
a good agreement with the crystallite sizes and SSA for all the oxide powders [23,24,26].
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They are constituted by spherical particles with a grain size that ranges from 20 to 40 nm
for SnO2 and TiO2 and from 60 to 90 nm for WO3.

In the case of the (Ti-Sn) mixed oxides, the SEM analysis shows grains with very small
diameters (from 10 to 30 nm). Among the W-Sn mixed oxides, the largest particles are
those of the WS10 sample (average diameter 40 nm), while for the two samples with higher
amount of Sn content, the mean diameter decreased down to 20 nm.

The crystalline structures of the samples are reported in Table 1 along with the mean
crystallite sizes, which were calculated by Williamson–Hall method applied to the XRD
patterns and the specific surface areas (SSA). All the samples are characterized by a single
crystalline phase. As for W-Sn mixed oxides, the highest surface area, i.e., the smallest
crystallite size is shown by WS90, which is the only one W-Sn mixed sample with the
same crystalline structure of SnO2. As for Ti-Sn mixed oxides, the SSA increased with the
increasing of Ti content with the rutile tetragonal phase maintained in all the TS samples.

Table 1. Crystalline phases, space groups, mean crystallite sizes, and specific surface areas of the
pure and mixed oxides.

Sample Cryst. Phase Space Group Cryst. Size (nm) SSA (m2/g)

WO3 Monoclinic pseudo-cubic P 1 21/n 1 85.0 9.7
WS10 Monoclinic pseudo-cubic P 1 21/n 1 24.0 24.5
WS30 Monoclinic pseudo-cubic P 1 21/n 1 27.0 16.4
WS90 Tetragonal P 42/mnm 6.0 72.0
SnO2 Tetragonal P 42/mnm 12.0 27.9
TS90 Tetragonal (Rutile) P 42/mnm 7.8 45.4
TS70 Tetragonal (Rutile) P 42/mnm 4.4 87.8
TS50 Tetragonal (Rutile) P 42/mnm 4.4 99.0
TiO2 Tetragonal (Anatase) I 41/amd 8.0 121.2

3.2. Combined Electical with Spectroscopic Characterizations for Pure Oxides

SnO2, WO3, and TiO2, which are taken into consideration in this work, are n-type
semiconductor oxides that are characterized by the presence of free electrons in the conduc-
tion band, mainly due to lattice defects that are generated by reducing the processes during
the synthesis of the materials. Such basic properties are analyzed, taking into account the
mechanism of the conduction that is generally accepted for the metal oxide semiconductors
in the form of nanoparticles: the presence of the charged surface states, mainly due to the
energy levels that were introduced by oxygen within the band gap, is the origin of the
surface potential barriers (Schottky barriers), which are crossed only by those electrons that
had a sufficient energy. Such electron flows take part in the electrical conductance at the
surface through a huge series of intergranular point contacts. The chemoresistivity is at the
base of the sensing mechanism, which consists of a variation of the intergranular barrier
with a subsequent conductance modification occurring as a response to surface chemical
reactions with the environmental gases [27].

The Arrhenius plots that are reported in Figure 1a confirm for all of the materials the n-
type semiconductor behavior; SnO2 and WO3 exhibiting three regions of conductance with
the SnO2 conductance value, at low temperature, almost three orders of magnitude lower
than the WO3 one. TiO2 exhibits an Arrhenius plot that is very different from the others
especially since the behavior toward the temperature does not appear to be influenced by
the surface potential barrier formation, and therefore, by the ionosorption of the oxygen
atoms. Moreover, the conductance values at 600 K, exhibit four orders-of-magnitude lower
than those for SnO2.
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Figure 1. Conductance vs. temperature in dry air (a), comparison between the energy barrier
dependence on temperature in dry air and in a mixture of dry air and CO (100 ppm) (b), responses to
50 ppm of CO reported as GCO/Gair obtained at different temperatures (c) for the pure oxides.

By observing the corresponding curves of the energy barrier as a function of tempera-
ture, and by comparing those in dry air with those in the mixture of dry air and carbon
monoxide, some observations can be made: (i) SnO2 and WO3 exhibit a similar trend vs.
temperature, but with lower values in the case of WO3; (ii) comparing the energy barrier
values in dry air or in the mixture of dry air and CO, such values are very different in SnO2
for which the barrier decreases after the surface chemical reaction with carbon monoxide
(due to the transfer of electrons in the conduction band), while in WO3 such mechanism
is almost absent; (iii) the case of TiO2 appears different for two reasons. On one hand,
the shape of the energy barrier vs. temperature does not exhibit the usual trend that is
characterized by a minimum and a maximum value within the temperatures of 200–450 ◦C
(corresponding to the transformation from O2

− to O− adsorption on the semiconductor
surface). On the other hand, contrary to the usual for a n-type semiconductor, the chemical
reaction with carbon monoxide provides an increase of the barrier values rather than a
decrease of them.

The spectroscopic characterization on the single oxides, which is carried out in the
UV–Vis–NIR and medium IR regions, highlights the presence of defect levels in the band
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gap of the materials. In the case of SnO2, the broad absorption centered at about 1650 cm−1

has been assigned to the photo-ionization of the mono-ionized oxygen vacancies [28], thus
revealing the presence of electronic levels at about 0.2 eV below the conduction band.
Similarly, in WO3, the electronic levels that are related to the absorption observed at about
4500 cm−1 have been associated with the polarons that are localized in the band gap at
0.55 eV below the conduction band [24]. Such difference should cause a lower energy
barrier in WO3 with respect to SnO2, being the barrier height determined by the difference
between the Fermi level of the surface states and the Fermi level in the bulk. Effectively,
this behavior has been verified (see Figure 1b) so justifying the higher conductivity that is
observed in the Arrhenius plots of Figure 1a. Figure 1c reports the response values of the
dynamical measurements carried out in presence of 50 ppm of carbon monoxide in dry air.
The WO3-based sensors highlight an insignificant response to CO, confirming the result
obtained comparing the energy barrier measurement in air and in the mixture of air and CO.
When the barrier height does not change after the contact with chemisorbed surface species
from the environment, the “pinning of the Fermi level” phenomenon is observed, thus
causing an insignificant change in the conductivity of the semiconductor [29]. Generally,
the functional materials that are characterized by a very low energy barrier, as in the case
of WO3, are more suitable for detecting the oxidizing gases, resulting favored the release
of electrons from the conduction band. As mentioned above, Figure 1b shows a very
strange behavior of the TiO2 energy barrier, which consists of an increasing in the barrier
when a reducing gas as carbon monoxide was in contact with the semiconductor surface
instead of a decrease due to the electron transfer in the conduction band and the increase
in the conductivity. Additionally, this phenomenon can be interpreted by means of the
spectroscopic analysis.

Looking at the spectroscopic responses of TiO2 to CO, which is reported in Figure 2, it
is evident a very broad absorption extending from the visible to medium IR region. This
means that for the TiO2 electronic levels at different deepness in the band gap, such as Ti3+

polarons and oxygen vacancies, can be identified [30].

Chemosensors 2022, 10, x FOR PEER REVIEW 6 of 12 
 

 

The spectroscopic characterization on the single oxides, which is carried out in the 
UV−Vis−NIR and medium IR regions, highlights the presence of defect levels in the band 
gap of the materials. In the case of SnO2, the broad absorption centered at about 1650 cm−1 
has been assigned to the photo-ionization of the mono-ionized oxygen vacancies [28], 
thus revealing the presence of electronic levels at about 0.2 eV below the conduction 
band. Similarly, in WO3, the electronic levels that are related to the absorption observed 
at about 4500 cm−1 have been associated with the polarons that are localized in the band 
gap at 0.55 eV below the conduction band [24]. Such difference should cause a lower en-
ergy barrier in WO3 with respect to SnO2, being the barrier height determined by the 
difference between the Fermi level of the surface states and the Fermi level in the bulk. 
Effectively, this behavior has been verified (see Figure 1b) so justifying the higher con-
ductivity that is observed in the Arrhenius plots of Figure 1a. Figure 1c reports the re-
sponse values of the dynamical measurements carried out in presence of 50 ppm of car-
bon monoxide in dry air. The WO3-based sensors highlight an insignificant response to 
CO, confirming the result obtained comparing the energy barrier measurement in air and 
in the mixture of air and CO. When the barrier height does not change after the contact 
with chemisorbed surface species from the environment, the “pinning of the Fermi level” 
phenomenon is observed, thus causing an insignificant change in the conductivity of the 
semiconductor [29]. Generally, the functional materials that are characterized by a very 
low energy barrier, as in the case of WO3, are more suitable for detecting the oxidizing 
gases, resulting favored the release of electrons from the conduction band. As mentioned 
above, Figure 1b shows a very strange behavior of the TiO2 energy barrier, which consists 
of an increasing in the barrier when a reducing gas as carbon monoxide was in contact 
with the semiconductor surface instead of a decrease due to the electron transfer in the 
conduction band and the increase in the conductivity. Additionally, this phenomenon 
can be interpreted by means of the spectroscopic analysis. 

Looking at the spectroscopic responses of TiO2 to CO, which is reported in Figure 2, 
it is evident a very broad absorption extending from the visible to medium IR region. 
This means that for the TiO2 electronic levels at different deepness in the band gap, such 
as Ti3+ polarons and oxygen vacancies, can be identified [30].  

 
Figure 2. UV−Vis−NIR (a) and medium IR (b) spectra of: (i) WO3 and SnO2 during interaction with 
CO/O2 (1:5, pCO = 5 mbar) mixture at the temperature of the maximum intensity reached by the 
main electronic absorption; (ii) TiO2 during interaction with CO (20 mbar) at 400 °C. 

3000 1500

B

0.1 a.u.

0.5 a.u.
16

50

30000 20000 15000 10000 5000

A WO3 at 150 °C 
 SnO2 at 200 °C
 TiO2 at 400 °C 0.25 K.M.

Wavenumber (cm-1)

a) b)

Figure 2. UV–Vis–NIR (a) and medium IR (b) spectra of: (i) WO3 and SnO2 during interaction with
CO/O2 (1:5, pCO = 5 mbar) mixture at the temperature of the maximum intensity reached by the
main electronic absorption; (ii) TiO2 during interaction with CO (20 mbar) at 400 ◦C.

It has to be noted that the spectra for SnO2 and WO3 (see Figure 2) show the maximum
intensity of the main electronic absorption during the interaction with the mixture of CO/O2
at a relatively low temperature (150–200 ◦C). To reach the same intensity of absorption in
TiO2, it has been necessary to operate in a strongly reducing atmosphere (pure CO) and at a



Chemosensors 2022, 10, 447 7 of 12

higher temperature (400 ◦C). Therefore, only in these extreme conditions we can obtain the
absorptions that are related to oxygen vacancies and Ti3+ polarons and not in the typical
working conditions. This behavior must be related to a different sensing mechanism, which
could be the same of the Ti-Sn mixed oxides, which is discussed in the next section.

3.3. Combined Electical with Spectroscopic Characterizations for Mixed Oxides

Now we consider the functional materials and the relative thick film sensors that were
obtained by synthesizing the mixed oxides (W-Sn) and (Ti-Sn) as described in Section 2. In
Figure 3a, the Arrhenius plots for WS10, WS30, and WS90 thick films obtained in dry air
atmosphere, are reported.
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Figure 3. Conductance vs. temperature in dry air (a), comparison between the energy barrier
dependence on temperature in dry air and in a mixture of dry air and CO (100 ppm) (b), responses to
50 ppm of CO reported as GCO/Gair obtained at different temperatures (c) for W-Sn mixed oxides.

All of the mixed oxides exhibited an intermediate conductivity between the SnO2
and WO3 ones. In particular, WS10 behaved similarly to WO3, WS90 behaved similarly to
SnO2, while the Arrhenius of the WS30 film remained in-between. To justify this result, we
have to consider the spectroscopic results through which the defect level deepness in the
band gap of WS10, WS30, and WS90 has been measured. Figure 4 shows the UV–Vis–NIR
and IR spectra of the W-Sn mixed oxides in their interaction with CO/O2. All samples are
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characterized by the formation of a broad band that is related to the electronic transition
from defect levels in the band gap to the C.B. The position of the bands allows us to calculate
the deepness of the levels in the band gap. Precisely, the defect levels of WS10 and WS30
are located at the same value of pure WO3 at 0.55 eV below the conduction band, while
those of WS90 at 0.28 eV, value closer to the SnO2 one.
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Figure 4. UV–Vis–NIR (a) and medium IR (b) spectra of WS10, WS30, and WS90 during interaction
with CO/O2 (1:5, pCO = 5 mbar) mixture at the temperature of the maximum intensity reached by
the main electronic absorption.

WS10 and WS90 are perfectly in line with expectations, while WS30 slightly differs; it
is thereby convenient to compare the related energy barriers, shown in Figure 3b, which
trend turns out more in agreement with the spectroscopic results. On the other hand, the
WS90 energy barrier height seems too much different from that of SnO2 considering their
respective energy levels. However, in this case, another phenomenon could be taken into
consideration. Indeed, the grain size of WS90 could be comparable with the depletion layer
width, thus not allowing the complete band bending development and therefore, resulting
a lower Schottky barrier [31]. By comparing the energy barriers in air or in the mixture of
air and CO, no significant effect is observable both in WS10 and WS30, which behave like
pristine WO3. Different is obviously the case of WS90, showing some sensitivity to CO due
to its structure closer to SnO2 than to WO3. This fact is confirmed by the responses of the
dynamical measurements that are reported in Figure 3c.

By examining the mixed oxides Ti-Sn, the Arrhenius plots of Figure 5a show that in
dry air, the conductance decreased by increasing the titanium content in the mixed oxide
up to four orders-of-magnitude. Moreover, the shape of the Arrhenius plot changed as a
minimum content of titanium was added to tin dioxide (TS90). However, TS90 preserved a
trend similar to SnO2 with different conductivity regions demonstrating the occurrence
of different surface adsorption phenomena, while TS70 and TS50 show a similar behavior
to that of pure TiO2. However, it must be noted that pure TiO2 that was heated at 650 ◦C
remained in an anatase crystalline phase, whilst all the mixed oxides calcined at 550 ◦C
exhibited a rutile phase.
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Figure 5. Conductance vs. temperature in dry air (a), comparison between the energy barrier
dependence on temperature in dry air and in a mixture of dry air and CO (100 ppm) (b), responses to
50 ppm of CO reported as GCO/Gair obtained at different temperatures (c) for the Ti-Sn mixed oxides.

Figure 5b shows the heights of the potential barriers as function of temperature both in
air and in the mixture of air and CO. As in the case of the Arrhenius plots, TS90 still behaves
like SnO2, in particular with respect to the decreasing of the barrier after the contact with
carbon monoxide due to the transfer of electrons from the surface to the conduction band
as a consequence of the surface chemical reaction with the gas. On the contrary, both TS70
and TS50 exhibit the same feature that was already described for pure TiO2: the barrier
height in CO turns out to be above the barrier in the air, thereby making the Schottky
barrier mechanism not exactly working for the pure TiO2. Additionally, the mixed oxides
with a content of Ti atoms starting from about 30% behave similarly.

The explanation for this phenomenon has been found in the spectroscopic responses
in the medium IR region (see Figure 6).
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Figure 6. IR spectra recorded during CO (20 mbar) interaction at 200 ◦C for TS90 and at 400 ◦C for
TS70 and TS50.

Indeed, TS90 after the CO interaction, just as SnO2, shows an increase of a broad
absorption with maximum at about 2500 cm−1, assigned to the photo-ionization of mono-
ionized oxygen vacancies, as discussed above. On the contrary, both the TS70 and TS50
samples do not show any electronic absorption, but an erosion of the absorption edge that
is related to the skeletal vibrational modes as reported in our previous paper [28]. This
erosion is ascribable to the loss of reticular oxygen near the surface during the reducing
treatment in CO. Due to this phenomenon, the assessment of carbon monoxide sensitivity
through the comparison between the barriers in air or in the mixture of air and testing gas
could be incorrect. However, the dynamical measurements performed in 50 ppm of carbon
monoxide in dry air reported enhanced responses for TS70 with respect to TS50 even if the
SSA of TS50 is higher than that of TS70 (see Table 1). Therefore, in this specific mixed oxide,
the grain size did not result the main parameter for obtaining optimized gas sensitivity.
Indeed, the Ti content in the functional material is a second important parameter to be
considered in the sensing process.

The spectroscopic measurements highlighted two competing mechanisms: the reaction
of CO with ionosorbed oxygen atoms (and hence, the Schottky barrier electron conduction)
and the reaction of CO with the surface lattice oxygen atoms which bound electrons enter
in the conduction band without affecting the barrier height, but only, the bulk conductance.
To conclude, it turned out that the Ti-Sn new compounds provide improved gas responses
compared to those of pure TiO2 and also to those of pure SnO2. Moreover, the sensing
properties resulted tunable through the titanium content that is in the mixed oxide.

4. Conclusions

We successfully prepared three single oxides (SnO2, WO3, and TiO2), three mixed
oxides W-Sn with different Sn content, and three mixed oxides Ti-Sn with different Sn
content, obtaining a single crystalline phase for each material. The behaviors of these
materials were investigated by means of IR and UV−Vis spectroscopies in a reducing
atmosphere to enlighten the electronic properties and the defects that are involved in the gas
sensing. By coupling these results with those obtained from the electrical characterization,
we can describe the sensing behavior of these oxides.

The spectroscopic characterization highlighted the presence of defect levels deeper in
the band gap for WO3 with respect to those of SnO2. This is in agreement with the higher
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conductance, the lower energy barrier and the reduced sensitivity to CO in WO3. Among
the W-Sn mixed oxides, WS10 behaved like WO3, WS90 behaved like SnO2, and WS30 is
in-between. For these oxides, the Schottky barrier conduction mechanism well describes
their behavior.

In the case of the TiO2 and Ti-Sn mixed oxides, their conductance decreases with the
Ti content. TS90 showed a behavior similar to that of SnO2, while the TS70 and TS50 ones
similar to that of TiO2. In this case, for which the barrier height in CO is above that in air,
the Schottky barrier conduction mechanism cannot completely describe this behavior. A
second mechanism must be taken into account for which the CO reacts with the surface
lattice oxygen atoms. The bound electrons of these atoms enter in the conduction band
without affecting the barrier height, but only, the bulk conductance.

Finally, the possibility to describe the processes that are involved in the detection
mechanism of the sensors with a method of combined characterizations was shown. This
method can be applied to every functional material and every gas of interest.
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