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Abstract
Humidity is a critical environmental parameter for several production
processes and its control/monitoring is of great importance in maintaining
the quality of goods and products. In this context, metallic oxide ceramic nanostructures are materials of great technological interest in the fabrication of
moisture sensors because they have good chemical/structural stability and
high surface area/volume ratio. The electrical response of these sensors relates
to the chemisorbed and physisorbed layers of water molecules on the surface
of the ceramic particles and to the capillary condensation of water in the microscopic pores between the particles. Based on these aspects, this work
presents the fundamentals, electrical/electronic properties, influence of dopants, novel preparation procedure by electrospinning and perspectives of
application of TiO2:WO3 metal oxide heteronanostructures as humidity sensors.
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1. Introduction
Humidity is a parameter of great importance for the better quality in the production, storage and transport of food, goods and medicines by the industry [1].
In this sense, relative humidity (RH), which is given by the ratio of actual vapor
pressure to saturated vapor pressure at a given temperature, is the most frequently used parameter for measuring moisture.
Humidity sensors can be produced from polymeric or ceramic materials. In
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addition, recent works also show significant advances in the use of hybrid nanocomposites based on selective polymers, metal oxides and graphene oxide for
the fabrication of moisture sensors [2] [3] [4] [5] [6]. Ceramic-based sensors
generally consist of metal oxides and show superior performance to the polymer
because they work in a large window of temperatures, high chemical stability
and rapid response to changes in moisture [1]. Several mechanisms have been
proposed to explain the electrical variations of these systems as a function of
moisture in the ceramic sensors, taking into account the chemisorbed and physisorbed layers of water molecules on the surface of the metal oxide (Figure 1),
as well as the capillary condensation of water in the microscopic pores between
the particles [7] [8]. Both processes are favored by the existence of a porous
structure in the ceramic material.
The changes in the electric response of porous ceramics with different values
of ambient humidity are related to the mechanism of adsorption of water on the
surface of the oxide. Three conduction regimes can be adopted in these systems:
1) with only a small water coverage of the chemisorbed hydroxyl groups, the
hopping conduction of protons is dominant; 2) with a fractional coverage of water (less than one physisorbed layer), diffusion conduction of hydronium in the
hydroxyl groups stands out; and 3) when water is abundant, the proton transfer
process (Figure 2) is the dominant one.

Figure 1. Chemisorbed and physisorbed layers of water molecules formed on the surface
of the metal oxide particles with the increase of ambient relative humidity.

Figure 2. Proton transfer process in the water physisorbed layers on the surface of the
metal oxides.
DOI: 10.4236/msce.2019.77006
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In this way, the metal oxide sensors can be treated as semiconductor materials, since the electric conduction occurs through moving electrons and electronic holes (load carriers) from one grain to the next, overcoming the potential
barrier between the grains [7] [8]. In this context, the electrical impedance spectroscopy technique stands out as one of the most used electric characterization
methods in ceramic structures [7] [8]. Similar to resistance, the impedance (Z) is
also related to the impediment to the circulation of electric current in a circuit.
In a DC (DC) circuit, the resistor is used as the only parameter associated with
the electrical response of the system. In the case of an alternating current (AC)
circuit, this notion needs to be extended because, in addition to resistors, the
so-called inductors and capacitors can be present in the circuit as resistance elements to the passage of an alternating current. To these new resistances, we call
reactive resistances or reactances. The main difference between resistance and
reactance is in energy storage: in the first case, the energy dissipation is in the
form of heat while for the reactance the energy is stored in electric and magnetic
fields. In addition, it is still possible to disturb a sample by performing an impedance analysis over a wide range of frequencies, since the potential obeys a sin
wave [7] [8].
As expected, a ceramic sensor exhibits impedance variations when subjected
to a given relative humidity. The choice of oxides, grain size, distribution and
shape of the pores, presence of selective dopants, and fabrication methods are
decisive factors to produce devices with greater sensitivity. A moisture sensor of
this type may be more efficient (obtain a high sensitivity to moisture) as more
porous is its microstructure, the more regular its pore size distribution and the
more reactive its surface with water (greater surface area of action) [1] [7] [8]. In
other words, advances in nanotechnology have made possible producing ever
smaller structures (from the order of the micrometer to the nanometer) with
greater surface area/volume ratio and better electrical response for several applications, such as in humidity sensing.
One of the most commonly used metal oxides in moisture sensors is titanium
dioxide (TiO2) (~3.2 eV bandgap), in the allotropic anatase form. This oxide is
non-toxic, has high chemical stability and an excellent combination of photoactivity and photostability. Other metal oxides such as tungsten trioxide (WO3),
zinc oxide (ZnO), vanadium pentoxide (V2O5) and niobium pentoxide (Nb2O5)
have been incorporated into TiO2 to form heterogeneous metal oxide materials
and increase the efficiency of the sensors [8] [9].
In this context, these heterogeneous metal oxide nanostructures (produced
from the sintering of mixtures of these oxides) are potential candidates for development of nanometric scale materials that respond physically and chemically
to a given applied stimulus (for example, moisture and light). In addition, numerous and interesting properties have been described in the literature for this
class of materials such as better mechanical, thermal, and electronic properties.
One way to improve the efficiency of these moisture sensors and reduce costs
DOI: 10.4236/msce.2019.77006
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with material is to produce them to further increase the ratio of surface area of
action/volume from the dispersion of these heterogeneous oxides in polymer
nanofibers produced by the electrospinning technique (Figure 3), and subsequent sintering of the resulting material [10] [11] [12] [13].
Electrospinning is a simple and interesting method for the synthesis of metal
oxide nanofibers [14] [15]. Such structures are produced from an applied electric
force (on the order of kV) at the tip of a metallic capillary containing a polymer
solution and the oxides of interest (or their precursors). This configuration induces the deformation of the drop according to a Taylor’s Cone at the tip of the
capillary, with consequent formation of metal oxide fibers (with solvent evaporation) toward a metallic collector. The surface area of the nanofibers is maximized compared to fibers of larger diameters, resulting in much greater surface
area/volume ratio than the ratio usually obtained. This characteristic directly influences the humidity detection, since there is a greater interaction of particles
and substances incorporated in these fibers with the action medium [15].
Based on this, this work presents basic concepts that define the class of semiconductor materials and their functional heteronanostructures based on titanium dioxide (TiO2), tungsten trioxide (WO3) and selective dopants produced
by electrospinning for potential application as moisture sensors.

2. Fundamentals of Metal Oxide Semiconductors
Ceramic materials belong to the class of non-metallic inorganic materials, composed of metallic (or semi-metallic) and non-metallic elements bound by ionic
and/or covalent bonds, with long-range crystal ordering. Its properties are dependent on the crystalline structure, chemical composition and morphology.
Ceramics have good flow resistance, high chemical and physical stability, high
temperature resistance, high compressive strength, high hardness and high melt
temperature, which give them significant technological applications. Ceramic
materials can be classified as ceramic silicates, non-oxide ceramics and ceramic
oxides (metal oxides) [16].
Metal oxides have chemical structures with oxygen and metallic elements.
These elements are formed by the exchange of charge between highly electronegative oxygen atoms and metal atoms (less electronegative). Metal oxides are
widely used to produce gas sensors because of their excellent thermal and environmental stability, as well as good reversibility of the electric response. In addition, the surface of the metal oxides shows a fundamental role in the application
of these materials in flexible electronics. For example, the good performance of
these ceramic oxides as catalysts and moisture sensors is directly related to the
properties of their surfaces or the interfaces between these oxides and the action
medium/other materials. In addition, the metal oxides exhibit unique optical,
optoelectronic, magnetic, electrical, mechanical, thermal, catalytic and photochemical characteristics, which give it a series of applications in flexible electronics
such as in fuel cells, solar cells, and sensors [17]-[23].
DOI: 10.4236/msce.2019.77006
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Figure 3. Electrospinning process for the production of nanofibers.

These materials can be produced through various synthesis methods, when
the metal elements lose electrons to the oxygen atom to form oxides with different bonds and electronic structures, which gives them electrical properties characteristic of a semiconductor. Semiconductor materials have intermediate electrical behavior between conductors and insulators, and can behave in one way or
another by controlling the supply of stimulus (heat, light, electric field, pressure,
etc.) and/or changes in their composition and morphology [24]. The preparation
with various morphologies, the possibility of obtaining metal oxide nanostructures of controlled size, shape and composition and interaction with other
structures, as well as the possibility of molding and dispersing them in other
materials increase the attributes of these materials and open new perspectives for
technological applications in the field of electronics.
Semiconductors can be intrinsic (pure) or extrinsic (when other substances
are added to change their properties). The synthesis process of extrinsic semiconductors by the addition (doping) of small amounts of impurities in a pure
semiconductor, for the purpose of modulating its electrical properties, may improve the conductivity of the material. Semiconductors are doped to get a smaller band gap by introducing energetic levels in the forbidden band generated by
excess of electrons (electron donor elements form n-type semiconductors) or an
electron deficiency (electron acceptor elements form p-type semiconductors)
[18]-[25].
Electron deficiency creates electronic holes that, like electrons, are charge carriers responsible for creating electrical current in semiconductors. While an
electron has a negative charge, the holes have opposite polarity (positive charge)
to the charge of the electron. The electrons motion of the valence band to the
conduction band also generates holes in the origin band, with consequent increase of the electron deficiency. Both electrons and holes are vital for creating
current in semiconductors. When applying an external electrical potential difference, both electrons and holes can have mobility between the conduction and
DOI: 10.4236/msce.2019.77006
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valence bands. This behavior is responsible for the semiconductor performance
and for many of the electrical and thermal properties of the solids, forming the
basis of the solid state electronics technology [18]-[25].
When the particle size of the semiconductor metal oxides is on the nanometer scale (of the order of 10−9 m), their physical and chemical properties described above may be improved. The specific surface area (as well as the surface
area/volume ratio) increase significantly when the dimensions of the material
size decrease. The movement of electrons and holes in semiconductor nanomaterials are also affected by the geometry of the particles, since smaller particles
have the highest density of surface defects, promote the reduction of the free path
between the particles and increase both the number of collisions experienced by
the charge carriers as to the strength of the material [20] [26] [27] [28] [29]. This
class of nanostructured materials is considered one of the most functional and
therefore a topic of active research today. All these properties make them highly
desirable materials in emerging applications such as gas sensors, especially in
humidity sensors. Among the many approaches, sensors based on composite
metal oxides have been extensively investigated, since these semiconductors can
have conduction mechanisms that are highly influenced by their improved
physical/chemical properties [14].
The selective adsorption of water vapor, the activation of the transport mechanisms, the microstructure and the number of water adsorption sites may be
modified by the addition of suitable contaminants to the sensor ceramic materials or by modifications of their chemical composition. The change of these parameters promotes changes in the impedance (resistance to the passage of electric
current) that the semiconductor material experiences when exposed to a certain
concentration of humidity, which may qualify it as a relative humidity (RH) sensor. In these cases, the sensitivity of the material to RH is influenced by the porous
microstructure (and consequently the greater surface area) and the reactivity of its
surface with RH. Therefore, if the sensing capacity of these metal oxides depends
on the microstructure and composition, the control of these parameters in the
detection material is a strategic way to obtain a better response of the sensors
across the UR range [30].
The electron/ionic charge transfer reactions occurring on the surface of the
semiconductor and in the pores between the particles can be used to explain the
detection of moisture. The mechanism of conduction of the humidity sensors
can be of the ionic, electronic or mixed type (when it presents contributions of
the two mechanisms). In addition, heterogeneous semiconductor materials, produced from the interaction of the mixture between two or more oxides, may have
greater activity, selectivity and stability and, therefore, have attracted a lot of attention in recent years [31].

3. Potential Metal Oxide Heteronanostructures for Humidity
Detection
Recent works by Chen et al., Blank et al. and Farahani et al. discussed the elecDOI: 10.4236/msce.2019.77006
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trical behavior of several semiconductor oxides. In addition, many other aspects
related to moisture detection such as alternative methods of synthesis and the
improvement of the microstructure of the sensors from the use of dopant or hybrid compositions have also been discussed [30] [32] [33].
As stated, the electrical response of porous ceramics to changes in moisture
concentration is strongly related to the adsorption mechanisms of water on the
surface of the oxide and in the pores [7] [33]. Factors such as particle size distribution, grain orientation, grain boundary, strain-strain and atomic defect distribution may influence the electrical behavior of a material [34] [35] [36]. Thus,
doping a composite material with additional semiconductor metal oxides will
induce additional atomic defects with consequent changes in the electrical response of the sensor. The effect of dopants is related to their ion charge/volume
ratio and their concentration on the surface of the resulting material, which increases the number of adsorption sites for the water molecules. Proper choice of
dopants can improve sensitivity, linearity of signal response, stability, and performance of sensing devices.
For example, Nenov et al. investigated ceramic elements of moisture detection
based on TiO2 with dopants such as PbO and Bi2O3: the influence of doping and
sintering temperature on the characteristics of ceramic moisture sensors was
studied and experimental samples based on the optimal compositions and sintering temperatures were extensively investigated [37]. Thus, following a similar
strategy, our research group has proposed to analyze the electrical response of
nanostructures of metal oxides based on TiO2 and WO3 (and doped with other
selective oxides) submitted to moist atmospheres.
The technological attraction for the use of TiO2 and WO3 nanostructures (and
their mixtures with other oxides) for humidity detection is based on the fact that
these materials possess, in addition to excellent chemical/structural stability,
high surface area/volume ratio (compared to usual ceramic structures used for
the same end) combined with numerous electrical properties such as piezoelectricity, pyroelectricity, superconductivity, ferroelectricity, among others. Due to
these punctual characteristics, the use of these nanostructures has been growing
strongly in recent years as an open field of research both for synthesis and characterization as for the structural improvement of these materials for the industry [10] [11].
Amongst numerous semiconductor oxides, TiO2 and WO3 deserve special attention in the production of heteronanostructures as they are technologically
important materials due to their excellent electronic, optical, chemical and structural properties. When combined from sintering processes, these oxides may
form heterogeneous ceramic nanostructures with lower bandgap, which favors
the conduction processes in these materials for the application as sensors. In addition, the heterogeneous material presents higher conductivity in relation to the
pure TiO2 (ratio of 1:1 in mol) [8] [9] [10] [11].
Besides that, dopants such as Nb2O5, V2O5, CuO and ZnO present similar ioDOI: 10.4236/msce.2019.77006
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nic radius to TiO2 and may be incorporated into their electronic structure after
sintering process, in an attempt to retard the thermally activated transition from
anatase (preferential) to rutile. In addition to these specific characteristics, all the
oxides studied are highly sensitive to variations in moisture. These characteristics are essential to produce ceramic sensors with high sensitivity. These materials have been tested as moisture sensors from a 1:1 molar ratio mixture between TiO2 and WO3 (and with selective dopants), as pellets (8 mm × 6 mm × 1
mm), and showed excellent sensitivity to variations of relative humidity [8] [9].
Recently, these ceramic nanostructures were also prepared from the electrospinning of an organic matrix containing the mixture of the metal oxides, combined with the sintering process. The novel preparation procedure (Figure 4)
also showed potential for the development of nanostructured ceramic sensors,
since the resulting materials presented high porosity and surface area/volume
ratio (compared to the usual ceramic sensors produced in the form of volumetric pellets), offering a greater interaction of the particles and incorporated substances with the action medium.
With this novel preparation route it is possible to produce thin films of the
material instead of volumetric pellets, using a much smaller amount of material
than the one used to produce pellets, without loss of sensorial quality and with
lower cost. It is also possible to produce metal oxides nanofibers from the electrospinning of their precursors. It is also possible to control the diameter of the
fibers by varying the parameters of the precursor solution and the potential difference applied at the tip of the metallic capillary containing this solution.
As discussed, the route of preparation of the nanostructures follows the steps
shown in Figure 4: 1) TiO2:WO3 oxides are encapsulated in polymeric nanofibers by electrospinning (Figure 4(a) and Figure 4(b)); 2) (TiO2:WO3)-loaded
fibers layers are arranged on electrodes (Figure 4(c); 3) the polymer-ceramic
composite is then sintered (at 500˚C, 700˚C, etc.) to eliminate the polymer phase

Figure 4. Step by step for the preparation of the heteronanostructures by electrospinning and sintering.
DOI: 10.4236/msce.2019.77006

50

Journal of Materials Science and Chemical Engineering

V. N. S. Leão, E. S. Araújo

and to promote the regular dispersion of the oxides (free of polymer) on the
electrode surface (Figure 4(d)) for moisture detection tests in a humidity
chamber. The electrospinning process parameters such as working temperature,
sintering temperature and number of fibers layers can also be analyzed in order
to optimize the electrical response of the materials to the variations of humidity
[13].
In addition, the choice of the electrospinning technique for the production of
high surface area nanometric ceramics is promising for the application as sensors because it presents some advantages such as flexibility in the choice of materials and design, the possibility of molding the fibrous material on other surfaces, low cost in automation, mass production and good reproducibility of results [15].

4. Conclusion
Basic concepts of metallic oxides were presented. Electrical/electronic properties
that define the conduction mechanisms of these materials were discussed as a
function of ambient relative humidity. In addition, it has shown the possibility of
producing heteronanostructures based on TiO2, WO3 and their selective dopants
from the alternative preparation route by electrospinning and sintering. It is expected that this work will contribute to future research involving the use of semiconductor oxides heteronanostructures as humidity sensors.
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