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Abstract

The paper reports and comments the results of several electron spin resonance investigations, performed on semiconductor oxides
for gas sensing. The main aspects, related to the comparison between spectroscopic and electric data, are concerning on (i) the
role of the oxide defects in interacting with the gas atmosphere; (ii) the origin of the sensing enhancement, which follows the
doping of the oxide by transition metal ions; and (iii) the effects of different particle morphology and of the controlled particle
shape on the sensing functionality. The electron spin resonance results have been associated, when possible, to those deriving
from X-ray photoelectron spectroscopy, in order to investigate the electronic configuration of the transition metal centers. Special
emphasis has been deserved to the oxide synthesis procedures, in several cases well related to the electrical response. The data
have been drawn from several studies, performed in different time periods, and have been compared to suggest a possible
common interpretation of the sensing mechanism, based on either electronic or morphological properties.

Keywords Sensor devices - SnO, - ZnO - WOs; - Electron spin resonance

Introduction

Semiconductor metal oxides are election materials for gas
sensor devices. Their sensing ability is connected to variations
of the oxide electric properties (resistance) due to interaction
of the surface with oxidizing or reducing gases, and it is asso-
ciated to the increase or decrease in the number of conduction
electrons. If the gas interaction causes a reduction, the electri-
cal conductivity increases while, in case of oxidation, the con-
ductivity decreases [1-3]. Among semiconductor metal ox-
ides, the most frequently in use for gas sensing applications
are ZnO, SnO,, and WO3, owing to their optimal performance
and excellent chemical and thermal stability. Over the de-
cades, enormous endeavors have been devoted to enhancing
their sensing capability and selectivity, such as by doping with
transition metal centers and novel-morphology design of
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oxide nanostructures [4—6]. Special emphasis has been de-
served to study the generation and the location of lattice de-
fects, which appeared to play an important role in tuning the
sensing properties [7].

The very essential question, however, remains how to get
insights into the fundamental processes of gas sensing [8], that
means to describe the electron pathway from the interacting
molecule to the oxide surface center and to connect it with the
electrical response. In fact, though the macroscopic evidence
of the sensing mechanism in semiconductor oxides has been
studied for a long time, the electron transfer among the centers
responsible for the electrical response remains quite elusive.
By deeply investigating the electronic state of these active
centers, it is expected that the sensing mechanism should be
elucidated at molecular level [9, 10].

One of the most efficient techniques to study the properties
of either the electrons located in the semiconductor energy gap
or those in the valence band is the electron spin resonance
(ESR) [11]. Skipping the fundamentals of this technique, it
allows to study the paramagnetic centers under the same ex-
perimental conditions as the electrical measurements, which
means to detect the properties quasi in operando.

As for the experimental ESR parameters, their meaning is
here reminded, before the use in the paper. The g parameter is
a tensor associated either to valence unpaired electrons or to
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unpaired electrons in the semiconductor energy gap, and it
depends on the energy level trend of the paramagnetic centers.
In the case of the valence electrons:
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In the case of the gap electrons:
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If the energy level E is near the conduction band (Cg): g <
ge

If E it is near the valence band (VB): g> g,

The above expressions indicate that g, i.e., the g value of
the free electron value, is modified by the contribution of the
spin-orbit coupling interaction () and of the electron angular
momentum interaction (L), both weighted for the energy dif-
ferences among the n electronic states interacting with the
ground state. Thus, the g tensor value becomes representative
of the electronic configuration of the paramagnetic center in
the case of valence electrons and can be also associated to the
crystal field effects around it [12]. Defect electrons can be
associated to their location in the gap.

In the following, a few cases will be described where the
contribution of the ESR was determinant to associate the elec-
tronic structure of the oxide centers with the sensing mecha-
nism. In some cases, also X-ray-photoelectron spectroscopy
(XPS) was effective in indicating the electronic state of tran-
sition metal ions. The overall results allow to associate the
sensing activity to several types of metal centers, as well as
to lattice oxygen vacancies, leading to a more rational design
of the sensor materials.

The case of functional defects in ZnO
semiconductor oxide

The semiconducting properties of ZnO have been investigated
for a long time [13]. A marked variation of the number of
electrons in the conduction band has been brought about by
modifying the surrounding atmosphere. This behavior was
relevant for the use of ZnO as chemical sensor. ZnO belongs
to the non-stoichiometric oxide family, due to its excess of
metal. The shallow defects, interstitial zinc atoms Zn;* or
oxygen vacancies Vo, act as donor centers as their electrons
have sufficient thermal energy to enter the conduction band
(respectively Zn;®* and V° in Scheme 1) [14, 15].
Temperature and vacuum are able to change the ZnO stoichi-
ometry, thus modifying the pristine defects. Chemisorption of
oxidizing or reducing gases at the oxide surface further in-
duces defect modification as the chemisorbed molecules
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alter the electron amount in the conduction band. Thus, a
direct identification of the defects and of their reactivity to-
wards different gases is a fundamental requirement to under-
stand the sensing mechanism at the solid-gas interface and to
design the application of this oxide in sensor devices.

Any variation in the amount of interstitial ZnX/Zn;" and
oxygen vacancies Vo /V generates changes in the material
conductivity. Due to the paramagnetic electronic status of ion-
ized zinc defects Zn;” and ionized oxygen vacancies V', elec-
tron spin resonance is the election technique to identify them.
Spectra recorded on ZnO under an inert atmosphere show two
groups of signals (Fig. 1) [16]: the first one with g values g =
1.955 and gg =1.958 and the second one with g values at
2.008 and 2.002. Signal A cannot be observed by recording at
room temperature, while it becomes very intense at 123 K.
Thermal treatments under vacuum lead to an increase of signal
B, while A decreases. These results suggest that the signal A is
attributable to singly ionized zinc centers, Zn;’, whose spin-
orbit coupling contribution requires the lowering of the tem-
perature at 123 K to detect the signal. The signal B is attrib-
utable to ionized oxygen vacancies Vq'; in fact, its intensity
increases with the temperature of thermal treatment which
removes oxygen from the ZnO lattice.

In summary, according to the symbols in Scheme 1, the
following reactions for the generation of paramagnetic Zn;’
and Vg’ defects in ZnO can be suggested [14, 15]:

Interstitials Zn come from the Frenkel reaction:

Zny, SZniX + VZnX (1)
Their ionization leads to generation of singly ionized Zn;":
In*sZn +¢ (2)

Instead, from the Schottky reaction neutral oxygen vacan-
cies arise,

Znz, + 005Vz X + Vo© + ZnO (3)

whose further ionization results in the formation of V' spe-
cies:

VOXSV(). + e (4)

Reactions 2 and 4 can be interdependent; this means that
the electrons produced by (4) may hinder reaction (2), causing
the decrease of the signal A, in agreement with the experimen-
tal ESR observations [16].

While the annealing process in vacuo induces variations of
the relative intensities of signals A and B, the successive in-
teraction with oxygen atmosphere enhances the resonance C
(Fig. 2), and the formation of the Zn™"-O, species has been
suggested, based on the values of the g tensor components.
The values indicate indeed the presence of two Zn**-O, spe-
cies, slightly different in the electronic charge of Zn** and
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Scheme 1 Energy levels of
defects in the energy gap of ZnO
[14, 15]

with g-tensor values: g, [1]=2.051; g [1l] = 2.049; g, [I-11]
= 2.008; and g3 [I-11]=2.002 [17, 18]. At high treatment

Fig. 1 ESR spectra of the pristine
ZnO and of ZnO vacuum
thermally treated at various
temperatures. The signals C are
attributable to the perpendicular
component of a rhombic species
(see later in the text). Spectra are
recorded at 123 K under argon
atmosphere [16]
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Fig. 2 Variation of the ESR
spectrum of ZnO treated in vacuo
at the indicated temperature, then
contacted with oxygen. Together
with the B species Vo~ at g=
1.958, two slightly different C
species, Zn2+—O[, are well visible

[16]

H lDPPH
206G

room temp.

373K

473 K e

the conductivity change depending on the reducing/oxidative
atmosphere. It appears that the electrons trapped into the ox-
ygen vacancies after the annealing under inert atmosphere
migrate in the presence of oxygen and give rise to O, ; this
process causes the decrease of the conductivity (Figs. 2 and 3).

Though most of the interpretations of the ESR spectra re-
ported in the literature have suggested the presence of Zn;" and
Vo' as active defects, a recent insight [19] into the nature of
ZnO defects, given by S. Stankic et al., reports a different
assignment. This is not the first time that ZnO defects
undergo contradictory assignments [20, 21]. In the case of
the Stankic work, the author agrees with the former assign-
ment of signal A to Zn;" species, while the attribution of the
defects formed by the in vacuo annealing appears different. In
effect, the signal at g=2.002 observed by Stankic et al. after
vacuum annealing has been attributed to Vg~ centers.
Compared to our results, this proposal is not able to justify
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the decrease of signals A and B, by contacting the samples
annealed in argon with O,, and the consequent formation of
Zn™"-0, " species (Figs. 2 and 3). Moreover, a g tensor value
higher than 2 does not match with an energy level E, of the
vacancies localized near the conduction band (Cg) of the
semiconductor, which instead should have g < g..

ZnO doped with transition metal ions was also tested in the
interaction with oxidizing and reducing gases to study the
effect of the metal on the oxo-reductive processes related to
the gas sensing. Specifically, ruthenium dispersed on ZnO,
studied by ESR [16], showed that the doped oxide, after an-
nealing under an inert atmosphere at 473 K, contains a well
detectable amount of oxygen vacancies V', Fig. 4 line (a).
After contact with O,, Fig. 4 line (b), Vo' lines disappeared
and the resonance lines of Ru™ (n=1,3) at g=2.12 and of
Ru®™* -0, at g =2.07 g, =2.008 [c] become visible. This
suggests that O, interacts with Ru™* D and very probably O,
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Fig. 3 Variation in the relative

amounts of the paramagnetic

specie, with the temperature of 2500 L
vacuum treatment: (a) ZnO and
(b) ZnO after O, contact: O
species A; @ species B; A species
C [16]. The relative amount of the
paramagnetic centers was
determined by deconvolution and
double integration of the area of
the resonance lines, taking as
reference the area of the Varian
weak pitch signal (1.0 x 10" spin
cm ). Accuracy on double
integration was +15%
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receives electrons from the metal center, while V" defects are
no more visible.

More recently, due to the increased ability in preparing
various nanostructures, ZnO has been modified either in the
morphology or in the chemical composition (by doping with
several transition metals) to improve the electric response and
to implement its use in sensing devices at lower temperature.
Ref. [22] reviewed these material modifications and suggest a
possible origin of the activation mechanism given by metals.
Nevertheless, the mechanism there reported appears a bit in-
complete (see Scheme 2). It proposes the location of superox-
ide anion O, on the ZnO surface (Scheme 2b), while it did not
mention the pathway of the electrons moving from the semi-
conductor to reduce O, and causing the depletion layer. The
noble metal is then indicated as responsible for the enlarge-
ment of the depletion layer (Scheme 2c), but still no electron
pathway was indicated.

Fig. 4 ESR spectra recorded at
123 K of (a) Ru-doped ZnO
annealed at 473 K in argon (b) the
same after contact with O, [16]
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It seems to us a suitable suggestion to formulate a pathway
of the electrons during the interaction of the sensor material
with the surrounding atmosphere. The transition metal should
receive electrons from the oxygen vacancies enlarging the
depletion layer (reaction 6); after that, the molecular oxygen
firstly interacts with the transition metal center, thus lowering
its reduction potential, and then receives electrons from the
transition metal. This is really what appears from our ESR
data [16].

VoX s Vo' + ¢ (5)

M™  tnVe 5 M™VF 4 vy (6)

1\/I(Hrn>Jr “+n Og(g) 5 M"Y 4+ IlOzr (7)

Thus, the additional depletion region correctly reported in
Scheme 2¢ seems to us an electron accumulation due to
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Scheme 2 Schematic representation of the oxygen interaction with noble metal-doped semiconductor [22]

reaction (6), which increases the depletion region and en-
hances the electrical response.

The relevance of the ESR studies on ZnO here reported
consists in using a spectromagnetic investigation, in general
associated to molecular centers, for describing the electronic
state of the centers, also defective, in ionic materials and for
indicating the dynamic of the semiconductor electrons under
different atmospheres.

The case of functional defects in SnO,
semiconductor oxide: chemical
and morphological features

Chemical features

Sn0O, is nowadays one of the most common commercial ma-
terials used in gas sensor devices. Although it was synthesized
in very different morphologies to obtain better electrical re-
sponse [23], its improvement in electrical response and selec-
tivity still passes through a better knowledge of the sensing
mechanism at micro/nano level. The scientific aim of the re-
ported ESR studies was to assess which species are responsi-
ble for the SnO, conductivity, both in pristine materials with
different morphologies and in the chemically modified oxide.
In the following, the interactions with carbon monoxide of
pristine and metal-doped SnO, will be described. The sensing
properties of SnO, can be generally enhanced by the chemical
doping with transition metal ions [24], this becoming a key
point in the research about the gas sensing applications. In all
the reported cases, the samples were prepared by sol-gel pro-
cedure which allows the direct comparison between ESR and
electric data, due to the high homogeneous and reproducible
composition obtained with this technique.

SnO, and Pt-doped SnO, prepared as a thin film were
treated by reducing (CO/argon) and oxidizing (air) atmo-
spheres. The ESR spectra show significant differences (Fig.
5) [25-27].
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In pure SnO, film treated with CO, the resonance line at
g=1.890 attributable to ionized oxygen vacancies (Vg) is
clearly evident (Fig. 5a) while in Pt-doped SnO,, treated under
the same conditions, no V" are detectable. Upon contact with
air, the species Sn*-0,", having g; =2.023 g,=2.005 g3 =
1.999, becomes evident in Pt-doped SnO, film (Fig. 5b).
Conversely, in pure SnO, film, superoxide species are almost
undetectable, and the amount of V5~ centers apparently does
not change [25-27]. This behavior is slightly different in SnO,
powders where, after reaction with reducing gases CO [25-27
and references therein] or NO [28], the amount of oxygen
vacancies decreases and that of superoxide species increases.

Based on these results, the following processes have been
suggested:

For pure Sn0,

CO+00 SVoX+CO;, Vo¥sVo +e¢ (8)

where O is an oxide anion in a regular lattice site.

For Pt-doped SnO,
Pttt +nVy & Pt(47n>Jr + nVg' (9)
P 4110y, SPET +100) (10)

nSn*" 410, 5nSn*T-0,

The overall reaction interpretation was that all the electrons
which in pure SnO, are constrained into subsurface oxygen
vacancies by the potential barrier at the film-gas interface, in
Pt-doped SnO, migrate to Pt**surface centers, due to the fa-
vorable difference in the Fermi level. Hence, they are trans-
ferred to oxygen and give Sn**-O, . It appears that the Pt ions
act as an electron sink enlarging the depletion layer zone. The
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Fig. 5 EPR signals of (a) Vg in
SnO, powder and films treated
with CO (600 ppm)/Ar at 673 K
(1 atm under static conditions)
and (b) Sn**-O, in Pt-doped SnO,
films treated in CO (600 ppm)/Ar
stream at 673 K (50 cm® min ")
and successively in air stream at
298 K (50 cm® min ") [25-27]
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electrons are thus transferred from the vacancies to the oxy-
gen, enhancing the electrical response (Fig. 6), which has been
reported in terms of ratio between the resistance in air over the
resistance in the different atmosphere. The ratio better high-
lights variations higher than 1 order of magnitude (values of
5,10, and 50 corresponds to the 80%, the 90%, and the 95% of
the air resistance variation). Significantly, Vo' on pristine
SnO, film is not able to transfer electrons to O,, probably
due to a subsurface location, while Pt centers, which received
the electrons from the vacancies, are responsible for the re-
sponse in air.

A direct proof of the electrons pathway is the reduction of
Pt** towards less positive values, as observed by X-ray pho-
toelectron spectroscopy (XPS) in samples treated by CO
(Fig. 7).

60

50 4 |

40 -

30 4

Rair/Rco
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20 -
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L 0g8e0%e geq4

300 400 500 600 700 800 900 1000
Temperature K

Fig. 6 Plot of electrical response (R, = electrical resistance in dry air;
Rco =electrical resistance in 800 ppm of CO in dry air) vs temperature
for Pt-doped SnO, films. Open circles annealed at 673 K, full at 973 K.
The dot size represents the measurement error [25-27]

In the literature, no further convincing suggestions based
on ESR studies are reported which propose a possible electron
pathway from the SnO, oxygen vacancies to the molecular
oxygen, through the transition metal center. A recent paper
of Grishina et al. [29] attributed to oxygen vacancies some
resonances of SnO,, even if with energy in contrast with the
literature data; besides, in spite of a correct identification of
the transition metal ion centers, no relationship with the sensor
functionality has been suggested. More intriguing are the re-
ports of Kolmakov [30], who proposed two operative sensing
mechanisms for SnO, and the related Pd-doped oxide: the
electronic mechanism and the chemical mechanism. The elec-
tronic mechanism hypothesizes that some large depletion
zones form around the metal particles in the presence of O,
(Fig. 8b), and this causes variation in the electron flow (see
arrows in Fig. 8a).

Intensity farb. units

74 76 18 80

Binding Energy /eV

Fig. 7 XPS spectrum of the Pt4f region in Pt-doped SnO, film. (a)
Annealed in air; (b) treated with CO at 373 K; and (c¢) treated with CO
at 673 K [25-27]
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Fig. 8 Processes on SnO, and transition metal-doped nanowires. (1)
Tonosorption of oxygen at defect sites on pristine SnO, (2) molecular oxygen
dissociation on transition metal nanoparticles (3) capture by transition metal
nanoparticle of weakly adsorbed O, diffused along the tin surface. Ry is the
spillover radius; R is the radius of the collection zone [30]

The chemical mechanism suggests that the oxygen molecules
diffuse through the semiconductor surface (back spillover effect)
and reach the transition metal, where their dissociation is cata-
lyzed by the metal particle (Fig. 8a). The O spilling should
increase the rate of repopulation of the oxygen vacancies and
the rate of the SnO, electrical response towards oxygen. As in
the case of ZnO, our evidences, which are mainly based on the
ESR data, demonstrated that the oxygen vacancies can transfer
electrons to the transition metal centers (see the below reported
case of inverted opal SnO»); O, molecules receive electrons from
the transition metal center stabilizing the Sn**-O, species. The
major differences with Kolmakov lie in the dissociative chemi-
sorption of oxygen to give O species he proposed and in the lack
of any hypotheses for the electronic changes of the oxygen va-
cancies and of the metal centers. Our suggestion hypothesizes
that the interaction of O, with Pt centers becomes active and
lowers the reduction potential of the metal cation, allowing oxy-
gen reduction. The behavior we described for platinum can be
associated to palladium and ruthenium under reducing and oxi-
dizing atmosphere [31].

Pt**  +nVy SPYMY 4 onvg” (12)
P4 4+ 00y, SPEHT + 100, (13)

The hypotheses we have formulated regarding the pathway
of the electrons from the vacancies to the oxygen and sug-
gested as molecular source of the electrical response were
commented by A. Gurlo [32]. This author outlines that the
experiments on semiconductor oxides have been carried out
in atmosphere conditions different from the real operative
ones (e.g., CO in air). It is true, however, that the necessity
of revealing the species obliged us to fully separate the study
under oxidizing atmospheres from that under the reducing
one. In mixed atmospheres, the species cannot be easily
distinguished.

@ Springer

Morphological features: the inverted opals

The semiconductor chemical composition is not the only re-
sponsible for the SnO, electrical response. During the past
years, several ceramics were prepared with the form of or-
dered architectures of high surface area opal and inverted opal.
Among them, SnO, inverted opal, a material built by nano-
crystalline bridges and junctions around a regular arrangement
of air spheres, should in principle display stronger gas re-
sponse, due to the large surface area and the interconnection
between holes (Fig. 9) [33].

The interaction of CO with either pure and Ru(Pt)-doped
SnO, has been investigated to understand the morphology-
function relationship and to compare the electric response of
the inverted opal samples with that of the nanostructured thin
films. It resulted that, under CO contact, the transition metal
centers in inverted opal samples decrease their oxidation state
(Ru** becomes Ru** ESR active) following the already sug-
gested process:

Ru(Pt)4+ +n Vo sSRu (Pt)(47n)+ + nVo~ (14)

Figure 10a reports the Vo centers for differently annealed
inverted opal SnO, and Fig. 10b the Ru’* centers due to CO
interaction. By contact with oxygen, no O, is formed. A
possible hypothesis is that the reduction of oxygen to oxide
proceeds very fast to repair the surface damaged by CO and
rebuilds the original surface.

The electrical response is not quantitatively different from
that of nanopowdered materials, while it is faster and more
reproducible (Fig. 11). The reproducibility may be attributed
to the regular shape of the surface and of the hierarchical
structure always retained.

Morphological features: shape-controlled
nanoparticles

The results on the inverted opals sensor materials suggested
that the control of the morphology, not just of the particle size
(nanosized particles), is able to guarantee a better reproduc-
ibility of the electrical response. In fact, several studies have
recently outlined that engineering of the crystal facets in metal
oxides provides tailored electrical response and selectivity in
gas sensing, due to the unique properties and defectivity asso-
ciated to different atom arrangements, bond energies, and
charge densities. In particular, for SnO, nanocrystals having
different abundance of {221}, {111}, and {110} surfaces, the
differences in the sensing ability were attributed both to the
higher surface energy of the {221} and {111} compared to the
{110} faces and to the presence on these surfaces of
undercoordinated cations, i.e., five- and four-fold coordinated
Sn**, which seem to foster the chemisorption of ionized oxy-
gen species, promoting the reactivity with the reducing gas
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Fig. 9 (a) SEM micrographs, (b—
¢) TEM, and (d) HRTEM images
of Ru-doped SnO, inverted opal.
In the inset, the indexes of SnO,

crystal structure are indicated [33]

[34-38]. This hypothesis was based exclusively on the
Yamazoe mechanism [39, 40], attributing the conductivity
variations to the surface chemisorption and removal of oxygen
ions, without considering the role of oxygen vacancies, whose
nature and concentration are greatly dependent on the mor-
phological and surface features of the nanomaterials [41, 42].

In this context, we have prepared shape-controlled octahe-
dral (OCT), elongated dodecahedral (DOD), and nanobar

(NBA) SnO, nanocrystals enclosing well defined types of
exposed crystal surfaces and studied their interaction with
carbon monoxide by tracking the generation and reactivity
of oxygen defects with ESR [43], trying to shed light on the
role of the exposed crystal faces in the sensing mechanism.
Figure 12 associates the different behavior of nanoparticles,
demonstrating that a strong relation exists among particle
shape, oxygen vacancies (g=1.89) produced by CO

Fig. 10 ESR spectra of (a) a) b)
inverted opal SnO, annealed at
increasing temperature froma to ¢ o(A) = 281
and (b) Ru>* centers [33] l

c B 268

l l oC)= 25
b
94C)= 238 .
a pAb) =22 \Mc).mt ]
QiA) )= 1 52
] MmN =228 I
g = 1.806
3400 3500 3600 3700 2000 3000 4000 5000
gouss goauss
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Fig. 11 a Plot of the electrical response (R,;, = electrical resistance in dry
air; Rco = electrical resistance in 800 ppm of CO in dry air) vs T(K) for
(o) SnO; (¢) Ru-doped SnO; (o) Pt-doped SnO,. b Resistance variation
under two subsequent pulses alternating air to CO/air mixture. Symbols
are the same as in (a). The dot size represents the measurement error [33]

interaction, and the electrical response. Thus, it appears that
the structure of the faces in the different shape particles deter-
mines the different sensing activity, and the mechanism is still
mediated by the oxygen defects V". The responsibility of
forming a great number of oxygen vacancies lies in the

abundance of exposed {221} and {111} faces (respectively
in OCT and DOD species). Unexpectedly, the reaction with
air, after CO interaction, does not lead to the formation of
Sn*t- O, . As in the case of inverted opal SnO,, it could be
suggested that the reduction of molecular oxygen proceeds
very fast to repair the surface damage induced by CO interac-
tion, re-constructing the pristine particle surface. The relation
among exposed facet, oxygen vacancies, and electrical re-
sponse in Fig. 12 is very impressive and confirms the key role
of the oxygen vacancies in modulating the sensing
mechanism.

In summary, tailoring the gas sensing properties by mor-
phology control represents a promising research field. Various
SnO, nanostructures with tuneable porosity, size, and exposed
surfaces were successfully synthesized in recent years, reveal-
ing that the relative concentration of Vg~ defects is
morphology-dependent and supporting the idea to exploit
the controlled generation of these defects not only for
boosting the electrical response but also the selectivity
of the sensors [44].

The case of functional defects in WO; semiconductor
oxide

The use of WO; as sensing material is less frequent than that
of SnO,; thus, the behavior of this semiconductor oxide is less
investigated. It was found that its electrical response is com-
plementary to SnO,-based sensors and, interestingly, gives
distinguishable responses for the reducing (CO) or the oxidiz-
ing (NO,) gases [45, 46].

A frequent use of WOj is to detect ammonia. Under NHj;
contact, the resistance decreases, due to the following reac-
tions, all releasing electrons:

Fig. 12 Comparison between
oxygen defect and electrical
response for different shaped
nanoparticle under CO interaction i
[43] i

2NH; + 309 — N, +3H,0 + 6e (15)
ONH; +400 — NyO+3H,0 + 8¢ (16)
2NH; 4+ 500 — 2NO+3H,0 + 10e (17)
= [
i (o]
1 defects
G | | '
Ll avave |
e | ]
—— ]
time (s) — H (gauss) —
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Fig. 13 a Cr(Il) and b Cr(V) species in as-prepared Cr-doped thin films
[47]

The electrical response of WOj; increases by transition met-
al doping, and the investigation of the transition metal centers
becomes once again mandatory to understand the sensing
mechanism. Mesoporous sol-gel-derived WO; thin films
doped with Pt and Cr have been prepared and investigated

-
-’

301

air

air

Resistance / GQ

0 20 40 60 80 100
time / ks

by ESR spectroscopy [47], in order to give a rational to the
electrical response under ammonia contact. Cr(Ill) and Cr(V)
centers are well visible in the ESR spectra of the as-prepared
samples, suggesting a good dispersion of this metal in the
oxide matrix (Fig. 13). Platinum was instead detected as metal
nanoparticles mainly located inside WO;.

Macroporous WOj; films with inverted opal structure [48]
were also prepared and investigated by X-ray photoelectron
spectroscopy. W(VI) centers of WOj3, Cr(Ill), and Pt(0) cen-
ters of the doping metals were clearly detected, confirming the
ESR results on sol-gel prepared samples.

In the presence of the transition metal ions, the conduction
band electrons are expected to migrate to the metal itself,
allowing further electron to be released (reactions 10—12)
and enhancing the electrical response. Pt-doped materials, in-
deed, show better electrical response (Fig. 14).

The reason of the higher catalytic activity in presence of Pt
particles is probably that they act as catalysts in the interaction
between ammonia and Og centers, decreasing the activation
barrier for the N-H bond dissociation in NH3. Notably in the
present case are the transition metal centers, not the WO;3
defects, to be able to be investigated by ESR. Their behavior
however allows only indirect hypotheses, as the ESR spectra
have not been taken under sensing atmosphere; it cannot be
excluded that under operative conditions, also oxygen vacan-
cies become visible.

Conclusions

Looking at the literature, which proposes the sensing mecha-
nism of the semiconductor oxides, it seems that the major
contributions to explain the behavior of these materials come
from the morphological and elemental surface analyses, be-
side of course from the fundamental studies of the electrical
properties.

b)
20 air . air
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G
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o 129 37 ppm 37 ppm
c
% by 74
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X s
4
2 T T T T T ,
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Fig. 14 Electrical resistance of different sensing elements: a Pt-doped WO3 and b Cr-doped WO5 towards the indicated concentration of NH3 in air [47]
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A comprehensive study of the electronic properties of the
active centers, especially as concerns on the defects and dop-
ing elements most likely triggering the variation of the elec-
trical response, has been rarely reported before and sometimes
with controversial interpretations.

ESR represents a very sensitive technique to detect and
monitor intrinsic paramagnetic defects or doping centers,
which release or accept electrons under different atmospheres,
and to formulate a trustable sensing mechanism based on their
electronic state. Also, the electron pathway between the oxide
and the chemisorbed molecules can be hypothesized and con-
nected to the electrical response. The main criticism inherent
to the ESR conclusions is that they have not been gained
strictly in operando. As an example, the spectra of SnO,-
based samples have been recorded on the semiconductor in
pure reducing, or alternatively oxidizing atmospheres. Thus,
the data indicate what happens under the two extreme condi-
tions and are crucial to indicate the electrons pathway from the
reducing to the oxidizing atmosphere. The results give an
indication of the mechanism which could not be obtained in
operando, due to the simultaneous presence of the oxidizing
and the reducing atmospheres.

Finally, concerning on the role of the oxygen vacancies
already present or thermally formed into the oxide lattice, they
behave as trigger agents of the electrical response and change
their electronic state depending on the gas interaction; certain-
ly, they act as reservoir of electrons and transfer electrons to
the doping metals.
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