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Abstract : Ceramic materials possess a unique structure consisting of grains, grain
boundaries, surfaces and pores, which makes them suitable for chemical sensors. The
control of the chemical composition and microstructure of electroceramics is fundamental
for controlling their properties. Ceramics with a given composition and microstructure can
be produced by controlling the different steps of their processing. The chemical processing
of ceramics offer many advantages in terms of control and reproducibility, with respect to
the conventional ceramics processing. Results are reported about the chemical processing
of perovskite-type oxides for gas sensors and about the novel humidity-sensitive electrical
properties of sol-gel processed alkali-doped titania films. The structural and morphological
characterization of these materials permits the understanding of the sensitive electrical
properties of the ceramics.

Introduction

Advanced ceramics can be roughly classified in two main categories, that is structural
and functional ceramics. About 10 years ago, practical applications of structural ceramics
seemed to be imminent. As a matter of fact, however, at present electroceramics are
assuming the primary role in the worldwide advanced ceramics production. This is due to
the recent advancements in key technologies such as telecommunications, automation and
electronics, which are causing deep changes in the daily life of the human population. One
typical example is the present very wide diffusion, in Italy as well as in Malaysia, in USA
as well as in Thailand, of portable telephones, the development of which has been made
possible by the advancements in the electroceramics R&D.

The very versatile and flexible functional properties of ceramics make possible their
application in a wide range of electrical and microelectronic devices. Ceramics can be
insulators or conductors (ionic, electronic, or mixed), can have ferro-, piezo- and pyro-
electric, or even optical and magnetic properties. These properties, combined with their
mechanical, thermal, and chemical stability in aggressive environments, make them ideal
candidates for electronic technologies, in devices with passive and control functions (as
substrates, resistors, capacitors, actuators, and sensors). The performance of electroceramic
materials depends on a complex interplay between processing, chemistry and structure.
The growing interest for electroceramics is proven by the last-minute organization of a
special Symposium on this topic under the frame of the Fourth European Ceramic
Conference,1 due to the large number of abstracts submitted, by the increasing attendance
to the series of the Electroceramics Conferences (the next, the fifth of the series, will be
held in Aveiro, Portugal, next September), and by the launch of the new Journal of
Electroceramics, edited by Harry L. Tuller, which will be published by Kluwer in 1997.

One of the most desirable use of functional ceramics is in the field of chemical
sensors. In fact, the present practical exploitation of ceramic chemical sensors is limited,
whilst numerous potential applications can be identified, such as the monitoring and
control of environmental pollutants. Ceramics possess a unique structure consisting of
grains, grain boundaries, surfaces and pores, which makes them suitable for chemical
sensors.2 Vapors or gases are collected in the surfaces and open pores of ceramics by
adsorption, absorption, and condensation. For the detection of gases, the changes in
electrical conductivity of semiconducting oxides are used, resulting from the adsorption
and/or reaction of the gas with oxygen adsorbates on the oxide surfaces.3 For the humidity
detection, the change of surface conduction due to proton hopping between physisorbed
water molecules, with a Grotthuss chain reaction mechanism, is used, taking into account
also the capillary condensation of water within the pores, which results in electrolytic
conduction, added to protonic conduction.4
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The electrical properties of ceramics are fundamentally correlated with their chemical

composition and microstructure.5 The effect of crystal and/or pore size, of deviations from
the stoichiometric composition, and of the presence at grain boundaries of small amounts
of secondary phases on the properties of electroceramics is so important that close control
of both starting materials and preparation conditions is fundamental.6 Ceramics with given
composition and microstructure can be produced by controlling the different steps of their
processing. In particular, much effort has been recently spent to the development of
innovative chemical methods for ceramics processing, in order to control the purity of
starting materials and to develop powder-free fabrication.7 The achievement of a
controlled ultrafine structure and chemical composition of the sensing materials has been
found to be effective to increase their gas sensitivity. The control of the microstructure of
the ceramic sensor element, in terms of its particle size, pore size distribution, and neck
size, is essential also for the effective correlation of the surface interactions with the
conductivity changes.

It is thus clear that a complete chemical, structural and morphological characterization
of electroceramics for sensors is essential for understanding their electrical properties.
Techniques such as x-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive x-ray (EDX) spectroscopy, and x-ray photoelectron spectroscopy (XPS) are of
great help for the evaluation of the ceramic properties. The last technique, which is
surface-sensitive, is particularly important for the study of materials for chemical sensors.**

In this paper, a couple of examples of the author's studies about electroceramics for
chemical sensors are reviewed. First, the preparation of trimetallic perovskite-type oxides
from the thermal decomposition of the appropriate hexacyano-complexes is discussed.9

Then, results about the novel humidity-sensitive electrical properties of sol-gel processed
alkali-doped titania films are reported.10 The correlation between composition and
microstructure of the ceramics with their sensitive electrical properties will be emphasized.

Perovskite-Type Oxides, LnMeO3 (Ln = rare earth elements, Me = transition metals)

Recently, there is a growing interest for perovskite-type oxides, LnMeC>3, with Ln =
rare earth elements and Me = transition metals. Their functional properties, such as mixed
conductivity by both ion and electron migration and highly nonstoichiometric composition,
permit their use in many innovative technological applications. These materials are active
oxidation catalysts,11-12 and can be employed as cathodes and membranes in solid oxide
fuel cells,13 as electrode materials for electrochemical oxygen sensors,14"16 as membranes
for oxygen separation,17"19 and as sensing materials for the detection of humidity,20-21

alcohol,22 and gases,23 such as oxygen,24-25 CO,26"28 and NO2.29 '30 Some of these
applications need either the achievement of dense structures, or the presence of porosity. In
both cases, the preparation of ultrafine, homogenously-sized powders is fundamental.

The conventional method for the preparation of mixed oxides, like perovskite-type
oxides, is the solid-state reaction at high temperatures of the corresponding single oxides.
By using this method, it is difficult to obtain single phase materials, since residual amounts
of the starting oxides are likely to remain in the final product, unless repeated cycles of
milling and heating are performed. Powders produced with this method, given that the
synthesis occurs at high temperatures, are coarse, with a non-uniformity of particle size
and shape, have a low specific surface area, multiphase character and in certain cases loss
of stoichiometry due to the volatilization of a reactant.31 The improvement of the ceramics
properties is obtained with the development of innovative processing methods through
chemistry, which allows the preparation of ultrafine and chemically pure powders of
mixed oxides at lower temperatures and, indeed, to improve the reproducibility of the
ceramics properties. Several chemical methods have been tried for the preparation of
perovskite-type oxides, which include sol-gel, hydrothermal treatments, and pyrolysis,
combustion or thermal decomposition of wet-chemically precipitated precursors.32"35

Particularly promising seems to be the preparation of perovskite-type oxides by the
thermal decomposition at low temperatures of hexacyano complexes. These compounds
are readily precipitated from aqueous solution, as it has been firstly proposed by Gallagher
in 1968.36 Stoichiometric LnMeC>3 perovskite-type oxides are obtained by the calcination
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at relatively low temperatures, about 600°C, of the appropriate complex.37 Recently, it has
been confirmed that homogeneous and nanosized powders of LnMeO3 perovskite-type
oxides, with relatively high specific surface area, can be synthesized by the thermal
decomposition at low temperatures of some heteronuclear complexes, if it is possible to
obtain such precursors in advance.38"43

Another very interesting feature of this method is the possibility to obtain single-
phase, trimetallic complexes, the decomposition of which leads to the formation of
trimetallic perovskite-type, containing either two rare earths and one transition metal44 or
one rare earth and two transition metals.45 The possibility to prepare perovkite-type rare
earth cobaltites containing heavy lanthanoids is discussed herebelow.

Experimental Procedure

As described elsewhere,42'43 the complexes were synthesized by mixing aqueous
solutions of equimolar amounts of hydrated Ln(III) nitrates (pure or a mixture in a
prescribed ratio Ln/Ln') and K3Fe(CN)6 or K3Co(CN)6 under continuous stirring. The
resulting precipitates were washed with water, ethanol and diethyl ether, before drying in
air at 50°C. The thermal decomposition behaviour of the precursors was studied by
simultaneous thermogravimetric and differential thermal analysis, with a heating rate of
5°C/min in flowing air. The complexes obtained were heated up to selected temperatures
to prepare the oxide samples, with a heating rate of 5 °C/min, for 30 min in air. The
structure of the complexes and of the decomposition products was analyzed by x-ray
diffraction (XRD), using a C u K a radiation with X - 0.154 nm.

Structural Characterization of LnFeO j and LnCoOj

The bimetallic perovskite-type oxides LnFeO 3 and LnCoO3 (with Ln = La - Yb) were
obtained by the thermal decomposition of the heteronuclear complexes in the series
Ln[Fe(CN)6]nH2O and Ln[Co(CN)<5]-nH2O. The XRD spectra of the complexes showed
that their crystal structure is orthorhombic, except for Ln = La. The XRD profiles of the
LaFe- and LaCo-complex are somewhat different from the patterns reported in the
literature for La[Fe(CN)6] 5H2O (JCPDS file No. 25-1198, with hexagonal structure, and
file No. 36-0675, with non defined structure) and for La[Co(CN)6]-5H20 (JCPDS file No.
36-0674, non defined but with a pattern very close to the hexagonal reported in the file No.
25-1198). Hulliger etal 37 have determined on single crystals two types of structures for
LnFe complexes (with Ln = La, Ce, Pr, Nd), depending on the number of crystallization
water molecules, that is hexagonal for n = 5 and orthorhombic for n = 4. A fitting
procedure of the measured XRD plots for the LaFe- and LaCo-complex showed that they
consisted of a mixture of hexagonal and orthorhombic crystal structures.46 These results
were confirmed by TGA measurements. The number of crystallization water molecules
was evaluated to be 4 for the complexes which showed the orthorhombic structure, while
the number of water molecules was about 4.5 (between 4 and 5) for the complexes which
showed a mixture of hexagonal and orthorhombic structures.47

Hulliger et al 3 7 demonstrated that a linear relationship exists between the lattice
constants of the Ln fern- and chromi-cyanides and the radius (r) of Ln ions. Fig. 1 shows
the correlation between the lattice constants for the LnFe and LnCo complexes, as
calculated from the XRD profiles, and r. For both the series of complexes, a linear
relationship is observed, confirming the results of Hulliger et al, when the orthorhombic
structures are considered.48 Further details of the XRD analysis are reported elsewhere.49

The lattice parameters for LnCo-complexes are smaller than those of LnFe-complexes.
This is probably due to the smaller size of Co ion with respect to Fe ion.

The formation temperature of the perovskite-type oxides is influenced by the Ln ionic
radii. For the LnFe-complexes, the formation of the single orthorhombic LaFeO3 phase
(JCPDS No. 37-1493) was observed for the product of the thermal decomposition at 600°C
of the LaFe-complex.47 Similar behaviour was observed for Ln = Pr, Nd, Sm, and Gd, but
with an increase in the formation temperature of the orthorhombic phase with decreasing
the Ln ionic radius. For Ln = Dy and Ho, the perovskite phase was accompanied by the
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presence of the peaks of the single oxides, Ln2C>3 and Fe2C>3.43 In the case of the LnCo-
complexes, the formation temperature of the perovskite-type oxides is about 600°C for Ln
= La, Pr, Nd and Sm, while for Ln = Eu, Gd, and Dy the formation temperature increases
with decreasing the radius of Ln ions. For Ln = Ho, Er and Yb, the perovskite-type oxides
could not be obtained at temperatures as high as 1100°C.42 The XRD results of the LnCo-
complexes decomposed at 1000°C were in agreement with the JCPDS files, showing the
crystal structures as follows; hexagonal for LaCo03 (JCPDS file No. 25-1060), cubic for
PrCoO3 (No. 25-1069) and NdCoO3 (No. 25-1064), and orthorhombic for SmCoC>3 (No.
25-1071), EuCoO3, GdCoO3 (No. 25-1057), and DyCoC>3 (No. 25-1051). However, it was
found that PrCo03 and NdCoO3 may be considered tetragonal rather than cubic.

Fig. 2 shows the correlation between the lattice constants for the decomposed LnFe
and LnCo complexes, as calculated from the XRD profiles, and r of Ln ions. Given the
above results, for LnFe the samples which did not give the formation of a single phase
were not considered. For LnCo, except for LaCoC>3, which has a hexagonal structure, it
was assumed that all the other LnCo03 could be described as orthorhombic structures,
given that the cubic and/or tetragonal structures may be considered as special cases of the
orthorhombic symmetry. The lattice constants of the decomposed products were evaluated
assuming as reference the orthorhombic structure of SmFeO3 (JCPDS file No. 39-1490).49

As shown in Fig. 2, a monotonic increase in the b and c lattice parameters and a decrease
in the a parameter with increasing Ln radius was observed for the LnFe system. For the
LnCo system, a similar trend was observed for the b and c lattice parameters, while the a
parameter decreased with increasing Ln ionic radius up to Sm, and then increases for ions
larger than Sm. The evaluation of the orthorhombic distortion parameter (30-5 a/b-1) for
the decomposed products increased with decreasing Ln ionic radius. Thus, it may be
assumed that the lack of the perovskite-type oxide formation for compounds with Ln with
a smaller ionic radius (Ho and Yb) is due to the higher orthorhombic distortion parameter.

0,12
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Fig. 1 Correlation between lattice parame-
ters and r of Ln ions for LnFe (open
symbols) and LnCo (closed symbols)
complexes.

• 0,820,56
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0,105 0,11 0,115 0,12 0,125
r (nm)

Fig. 2 Correlation between lattice parame-
ters (nm) and r of Ln ions for products of
the decomposition of LnFe (open symbols)
and LnCo (closed symbols) complexes.

Structural Characterization of LnxLn'].xCoO3

The trimetallic perovskite-type oxides LnxLn'i.xCoO3 were obtained by the thermal
decomposition of the appropriate heteronuclear complexes, LnxLn'i.x[Co(CN)6]nH2O.
The following combinations were prepared: LaSm, LaHo, SmEr, and SmYb. The selected
values of x were 0,0.2,0.4,0.5,0.6, 0.8, and 1.

The XRD spectra of the trimetallic complexes showed that their crystal structure is
orthorhombic, except for the Lao.8Smo.2Co-, Lao.6Hoo.4Co- and Lao.8Ho0.2Co-complexes
which consisted of a mixture of hexagonal and orthorhombic structures. Indeed, the TGA
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measurements showed that the number of crystallization water molecules was 4 for the
complexes with orthorhombic structure, while it was about 4.5 (between 4 and 5) for the
complexes which showed a mixture of hexagonal and orthorhombic structures.48 The
FWHM (full width at half maximum) of the (121) peaks of orthorhombic structures in the
XRD results were hardly influenced by the Ln/Ln' ratios. These results suggested that the
LnxLn'i_xCo-complexes which showed only the orthorhombic pattern are not a mixture of
powders of each LnCo- and Ln'Co-complexes.46

The XRD peaks of the orthorhombic structure shifted to lower angles with increasing
the content of the larger Ln ion (La or Sm). Given these results, the lattice parameters were
evaluated for the orthorhombic LnxLn'i_x[Co(CN)6]-4H2O complexes and plotted as a
function of the effective radius of the rare earth ions present in the complexes, that we
defined as reff = x rLn + (1-x) rLn'.44 The correlation is reported in Fig. 3, together with the
trend observed for LnCo-complexes. The same linear relationship observed for the LnCo-
complexes was observed.50 Deviations from this linear behaviour were observed for the
LaxHoi-xCo-complexes with orthorhombic structure, the estimated lattice parameters of
which showed shorter values than those determined for LnCo-complexes. The discrepancy
with the trend suggested that the La/Ho ratio in the complexes was lower than the
prescribed ratio of the La(III) and Ho(III) nitrate mixture. Elemental analysis performed
using x-ray fluorescence confirmed this hypothesis, showing La/Ho ratios lower than the
prescribed ones. This may be due to different precipitation kinetics for La and Ho. Based
on the assumption that the lattice parameter of the complexes with orthorhombic structure
is generally correlated with reff, it is possible to estimate the actual Ln/Ln' atomic ratios by
XRD measurements, upon calculation of the lattice parameters. It is concluded that the
lattice parameters of the LnxLn'i_xCo-complexes with orthorhombic structure are mainly
determined by the size of the rare earths ions present in the molecule. The effective radius
of Ln ions is a powerful parameter in elucidating the role played by lanthanoids.

The XRD profiles of the decomposition products of the LaxSmi.xCo-complexes (with
x = 0.2 ~ 0.8) showed the formation, already at 800°C, of a single perovskite-type phase,
neither hexagonal (as LaCoC>3) nor orthorhombic (as S111C0O3), but similar to the structure
of PrCoO3 and NCIC0O3. The XRD peaks shifted toward lower diffraction angles with
increasing the La content. For the SmxEri-xCo- and SmxYbi_xCo-complexes decomposed
at 1000°C, the perovskite-type oxide is not formed for x = 0 and 0.2, while for x = 0.4 ~
0.8 the crystal structure was orthorhombic, similar to the structure of DyCoC>3 and
GdCoC^O For LaxHoi_xCo-complexes, the addition of small amount of La was effective
for the formation of a single perovskitic phase containing Ho and Co.48

0,56 0,82

Fig. 3 Correlation between lattice parame-
ters and reff for LnCo (open symbols) and
SmxLn'i_xCo (closed symbols, with Ln' =
La, Er, and Yb) complexes.

0,46
0,11 0,12

0,72

reff (nm)

Fig. 4 Correlation between lattice parame -
ters (nm) and reff for products of the
decomposition of LnCo (open symbols)
and SmxLn'i-xCo (closed symbols, with
Ln' = La, Er, and Yb) complexes.
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From the above results, a correlation between the Ln ionic radius and the crystal

structure of the perovskite-type oxides can be clearly inferred. The presence of La and Sm
in the same oxide leads to the formation of a structure similar to that of cobaltites with Pr
and Nd, which have ionic radii between those of La and Sm. It was, thus, attempted to
correlate the lattice constants of the trimetallic perovskite-type oxides with the effective
ionic radius of Ln. As shown in Fig. 4, the trend fits very well the trend observed for
LnCo-complexes. The observed correlation suggests that the lattice parameters of the
LnxLn'i_xCo03 perovskite-type oxides with orthorhombic structure are primarily
influenced by the size of the rare earth ions present in the molecule. The structure observed
for reff > 0.1199 nm is hexagonal, while for reff < 0.1080 nm the perovskitic phase could
not be formed. In the latter case, the orthorhombic distortion parameter is larger than 0.267
and this is related to the absence of the formation of the perovskite-type oxide in this case.

In conclusion, the possibility to prepare at low temperatures trimetallic perovskite-
type oxides is demonstrated. This allows to modulate the functional properties of this class
of oxides in a very wide range. Preliminary results showed that also the preparation of
LnFexCoi_xC>3 perovskite-type oxides is possible at low temperatures.

Sol-Gel Processed TiO2 Films with 10 at% of K

Given that the present trend in sensor R & D is towards the fabrication of integrated
sensor, with miniaturization of the sensing elements,51 the author has decided to study ce-
ramic humidity sensors in thin film form. Ceramic thin films can be prepared with physical
or chemical deposition methods. It was evaluated that chemical methods give advantages
in terms of reproducibility and of control of the chemical composition and microstructure
of the ceramics. It must be kept in mind that for the use in humidity sensors, ceramic have
been applied as porous bodies, in order to allow water vapour to pass easily through the
pores and water condensation in the capillary-like pores between the grain surfaces.52

Considering the chemical methods, the sol-gel processing offers an economical technology
for ceramic film deposition, which can be competitive with polymer film production,
because it allows the preparation of high purity ceramics in their final film shape (by dip-
or spin-coating), with a homogeneous distribution of components on the atomic scale.53

It was thus decided to study the humidity-sensitive electrical properties of sol-gel
processed ceramic films.54 The attention has been addressed to sol-gel processed T1O2
films.55 However, the performance of these films was not satisfactory for practical
application (too high intrinsic resistance and limited sensitivity at low humidity values). It
was tried to improve the performance of this material by studying the effect of doping
TiC<2 films with alkali during their processing with the sol-gel technique.56 This choice
was made because the addition of alkali ions has been found to improve of the humidity-
sensing characteristics of a number of ceramic materials.4 The influence of the alkali ion
addition on the RH-sensilivity of porous ceramics is due to changes in the sinterability of
the material in pellet form,57 a decrease in the intrinsic resistance of the material,58 or an
increase in the number of water adsorption sites.59

TiC»2-based films with 10 at% of K (with respect to Ti) were deposited on AI2O3
substrates with comb-type Au electrodes by means of a sol-gel method.60 The
morphological SEM analysis showed for the films doped with 10 at% K heated to 300°C
and 500°C, a thin layer covering the grains of alumina, without the presence of pores.54

The addition of alkali did not modify the morphology of the films heated to low
temperatures. This means that the films were dense, free of capillary pores. It must be
reminded that it has been reported that the presence of a large pore volume is considered as
fundamental for the achievement of high humidity sensitivity for ceramic materials.61

The RH-sensitive electrical properties of the films were evaluated by means of EIS
measurements, carried out at 40°C, in the frequency range from 10"2 to 105 Hz.62 The
complex impedance plane plot for these films at 4% RH showed the presence of a single
semiarc. Above 4% RH, the spectrum loci decomposed into two semiarcs. The semicircle
at lower frequencies was largely distorted. The low-frequency behaviour was attributed to
the electrode interface, while the semiarc at high frequency was attributed to the
materials/RH interaction.
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Fig. 5 The RH dependence of the resis-
tance (solid lines) and of the capacitance
(dotted lines) for undoped and 10 at% K-
doped TiO2 films, at 40°C.

Fig. 6 The RH dependence of the resis-
tance of sol-gel processed 10 at% K-doped
TiO2 films at 40°C, measured at various
frequencies.

From the EIS data measured at high frequencies, resistance and capacitance values
were calculated, as shown in Fig. 5 for the undoped and the 10 at% K-doped T1O2 films.
The 10 at% K-doped films showed a dramatic variation in resistance with RH, of about 8
orders of magnitude over the entire RH range tested, whereas no significant changes were
observed in the capacitance values, which remained nearly constant. The variation of the
electrical properties is not in agreement with the ionic-type humidity sensing mechanism,
for which an increase in capacitance is to be observed with increasing RH, as for the
undoped films.

The humidity sensing electrical properties of TiC>2 films were remarkably improved
upon addition of 10 at% of K,63 although the films were free of porosity. The reported EIS
findings suggest the direct participation of alkali ions in the conduction in humid
environments. In fact, microstructural changes of the films were not observed, being the
doped films free of capillary pores. An increased number of water adsorption sites can be
discarded, too, because the EIS results clearly showed that the decrease in resistivity is not
merely due to water adsorption and surface proton hopping charge transport; the decrease
in resistance with RH is due to an increase in the number of charge carriers, which is not
accompanied by an increase in capacitance. This demonstrates that the conduction is not
due to an increase in the number of adsorbed water molecules. Thus, charge carriers are
alkali ions and not protons.62 As a matter of fact, the water adsorbed on grain surface
enhances ionic conductivity in the grain for the alkali-doped materials, due to the mobility
of K+ ions.

It has been reported by Sadaoka et al. that the addition of alkaline oxides to zirconium
phosphates improves their RH-sensing performance because alkali cations act as charge
carriers in the crystals, in addition to surface proton hopping.64 Recently, it has been
reported that the RH-sensitivity of sintered ZnO was much increased by the addition of
very small amounts of Li dopant, which did not affect the microstructure of the porous
compacts.65 Like in the present case, the addition of alkali ions, though in very different
concentrations for different materials, led to a distinct increase in RH-sensitivities,
probably due to direct participation of alkali ions to the humidity sensitive conduction.

For 10 at% alkali-doped TiC>2 films, the RH-sensitivity depends on the frequency at
which the resistance was measured. Fig. 6 shows the RH-dependence of the resistance of
the films measured at different frequencies. At 50 Hz, a linear variation of the logarithm of
the resistance with RH, of 4 orders of magnitude was observed over the entire RH range
tested (4-85% RH). Thus, it is possible to modify their response to RH by choosing the
frequency at which the resistance is measured, a feature which is among those of
intelligent materials.66-67 At the lowest RH values, a noticeable RH-sensitivity of about 3
orders of magnitude in the RH range from 4% to 10% was measured only at frequencies <
1 Hz, as shown in Fig. 7 for resistance measured at 100 mHz.
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Fig. 6 The RH dependence of the resis-
tance of sol-gel processed 10 at% K-doped
TiO2 films at 40°C, measured at various
frequencies.

From the EIS data measured at high frequencies, resistance and capacitance values
were calculated, as shown in Fig. 5 for the undoped and the 10 at% K-doped TiC>2 films.
The 10 at% K-doped films showed a dramatic variation in resistance with RH, of about 8
orders of magnitude over the entire RH range tested, whereas no significant changes were
observed in the capacitance values, which remained nearly constant. The variation of the
electrical properties is not in agreement with the ionic-type humidity sensing mechanism,
for which an increase in capacitance is to be observed with increasing RH, as for the
undoped films.

The humidity sensing electrical properties of TiC>2 films were remarkably improved
upon addition of 10 at% of K,63 although the films were free of porosity. The reported EIS
findings suggest the direct participation of alkali ions in the conduction in humid
environments. In fact, microstructural changes of the films were not observed, being the
doped films free of capillary pores. An increased number of water adsorption sites can be
discarded, too, because the EIS results clearly showed that the decrease in resistivity is not
merely due to water adsorption and surface proton hopping charge transport; the decrease
in resistance with RH is due to an increase in the number of charge carriers, which is not
accompanied by an increase in capacitance. This demonstrates that the conduction is not
due to an increase in the number of adsorbed water molecules. Thus, charge carriers are
alkali ions and not protons.62 As a matter of fact, the water adsorbed on grain surface
enhances ionic conductivity in the grain for the alkali-doped materials, due to the mobility
of K+ ions.

It has been reported by Sadaoka et al. that the addition of alkaline oxides to zirconium
phosphates improves their RH-sensing performance because alkali cations act as charge
carriers in the crystals, in addition to surface proton hopping.64 Recently, it has been
reported that the RH-sensitivity of sintered ZnO was much increased by the addition of
very small amounts of Li dopant, which did not affect the microstructure of the porous
compacts.65 Like in the present case, the addition of alkali ions, though in very different
concentrations for different materials, led to a distinct increase in RH-sensitivities,
probably due to direct participation of alkali ions to the humidity sensitive conduction.

For 10 at% alkali-doped TiC>2 films, the RH-sensitivity depends on the frequency at
which the resistance was measured. Fig. 6 shows the RH-dependence of the resistance of
the films measured at different frequencies. At 50 Hz, a linear variation of the logarithm of
the resistance with RH, of 4 orders of magnitude was observed over the entire RH range
tested (4-85% RH). Thus, it is possible to modify their response to RH by choosing the
frequency at which the resistance is measured, a feature which is among those of
intelligent materials.66'67 At the lowest RH values, a noticeable RH-sensitivity of about 3
orders of magnitude in the RH range from 4% to 10% was measured only at frequencies <
1 Hz, as shown in Fig. 7 for resistance measured at 100 mHz.
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