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Abstract
Good quality ZnO nanostructures were obtained by the microwave-assisted hydrothermal synthesis, at low reaction temperatures, using zinc
acetate as the starting precursor. X-ray diffraction conﬁrmed the crystallinity of the ZnO nanostructures, which resulted free of impurities. Field
emission gun scanning electron microscopy analysis revealed that the ZnO nanostructures crystallized at 120 1C were more homogeneous and
had a constant diameter along the entire wire length, exhibiting an ideal defect density that favors the gas sensing response. A new ozone gas
sensor based on these nanostructures was evaluated at low exposure times (15 s) by recording the change in the ﬁlm resistance. The ZnO
nanostructures showed good sensitivity even at low ozone concentration (100 ppb), and fast response and short recovery time at 200 1C,
demonstrating great potential for a variety of applications. Two main effects were observed: the ﬁrst one is intrinsic to that of the sample, while
the second is a consequence of the surface and interface complex cluster defects, which produce extrinsic defects.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
ZnO is an important multifunctional material with an
intrinsic n-type semiconducting character; recently, it has
become the subject of intensive scientiﬁc research owing to
its unique properties, which enable its effective application in
various devices, including light-emitting diodes, nanolasers,
piezoelectric devices, antibacterial agents, solar cells, and gas
sensors [1–5]. ZnO-based gas sensors have attracted attention
because of their high chemical stability, non-toxicity, low cost
and fabrication simplicity, as well as the high potential in
detecting volatile gases [6–7]. O3, which is a gas with a high
oxidation potential, is an energy rich and highly unstable form
n

Corresponding author.
E-mail address: drleandrosrr@gmail.com (L.S.R. Rocha).
1
Phone þ 55 12 3123 2765.
2
Phone þ 55 14 3103 6119.
http://dx.doi.org/10.1016/j.ceramint.2015.11.145
0272-8842/& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

of oxygen, and has been extensively applied in several areas,
from medicine to drinking water treatment [8–9], assisting in
the destabilization and aggregation of particles by several
mechanisms, as previously reported [10]. This allotropic
molecule is one of the most important gases in the stratosphere
because of its ability to ﬁlter ultraviolet (UV) rays, which is
crucial for the biological balance of the biosphere [11]. On the
other hand, when its level exceeds a certain threshold value
(higher than 120 ppb, in accordance with the European Guidelines), the exposure to this gas becomes hazardous to human
health, as it causes headache, burning eyes, respiratory
irritation, and lung damage [12–13]. Therefore, the measurement and continuous monitoring of O3 levels are of critical
importance [14]. Notably, gas sensors require a porous
microstructure with a small particle size, to yield a large
speciﬁc surface area [15]. The sensitivity and response time of
ZnO-based sensors strongly depend on the porosity of the
material, which is related to certain synthesis parameters, e.g.,
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the temperature. The predominant electrical characteristics of
the semiconductor oxides can be classiﬁed according to the
resistance change direction relative to the oxidant atmosphere.
This classiﬁcation is related to the intrinsic conductivity type
of the semiconductor oxides, which is determined by the
nature of the dominant charge carriers; i.e., electrons or holes.
In addition, in n-type semiconductor oxides, the conductance
depends on the oxygen partial pressure, and it decreases when
the oxygen partial pressure increases (the inverse occurs in ptype semiconductor oxides) [16–17]. In recent years, owing to
its many advantages such as rapid heating, low reaction
temperatures, homogeneous thermal transmission, and phase
purity with superior yield, the microwave hydrothermal route
has been used for the synthesis of nanostructured ZnO with
several applications within the last years [18–21]. In the
microwave process, the heat, which is generated inside the
material by the interaction between wave and matter, causes an
inversion of the temperature gradient [22]. Thus, owing to
these characteristics, the microwave evaporation– ﬁnal product. To the best of our knowledge, until now, the gas sensing
properties of ZnO obtained by the microwave-assisted hydrothermal (MAH) route have never been evaluated, in relation to
O3. In particular, n-type semiconductors including SnO2, TiO2,
Fe2O3, and ZnO have been extensively used for the detection
of reducing gases such as CO, CH4, and alcohol [23–26]. In
this paper, we report the sensing properties of one-dimensional
ZnO nanocolumn-like structures for O3; the ZnO nanostructures were obtained by the (MAH) method, which provided
extremely large surface areas.
2. Experimental procedure
ZnO nanostructures were synthesized by the MAH route. Zinc
acetate dehydrate ((CH3CO2)2Zn  2H2O) with 99.9% purity
(Aldrich) was dissolved in distilled water under constant stirring
for 10 min at 50 1C, forming a solution with [Zn2 þ ]¼ 0.5 mol
L  1. Subsequently, 2 M KOH (Merck) was slowly added, as the
mineralizer agent, until pH 8, to promote the formation of
wurtzite structure without surface heterogeneities [27]. The
resulting solution was transferred into a sealed Teﬂon autoclave
and placed in a hydrothermal microwave oven (2.45 GHz,
maximum power 800 W). The system was heat treated at
120 1C and 140 1C, separately, for 8 min, with a heating rate
ﬁxed at 10 1C/min. The autoclave was naturally cooled to room
temperature. The solutions were centrifuged for 30 min at
2000 rpm, dried at 100 1C in an oven for 24 h, and collected
for morphological, structural, and sensing characterizations. The
obtained products were characterized by X-ray diffraction (XRD)
using a diffractometer (Rigaku-DMax/2500PC, Japan) with CuKα radiation (λ¼ 1.5406 Å) in the 2θ range of 20–801 at 0.21/
min, Fourier transform infrared (FT-IR) spectroscopy (Bruker
Equinox 55, Germany), impedance spectroscopy with a Parstat
2263 system (UNMDP, Argentina), and ﬁeld emission gun
scanning electron microscopy (FEG-SEM: Zeiss Supra 35-VP,
Germany). Furthermore, the gas sensing properties of the
structures were analyzed. The ZnO crystallite size (d) was
calculated using the Scherrer equation d¼ kλ/β cos θ, where k

is a constant, λ is the wavelength of the X-rays, and β is the full
width at half maximum of the highest intensity reﬂections
measured from a slow scan, in which θ is the diffraction angle
of the main peak. To better understand the O3 sensing properties,
which were determined at 1 V and 200 1C, the ZnO nanostructures were dispersed in isopropyl alcohol by an ultrasonic
cleaner for 30 min; the suspension was then dripped onto a SiO2/
Si substrate containing 100-nm-thick Pt electrodes separated by a
distance of 50 mm. The sample was heat treated for 2 h at
500 1C in an electric furnace in air. The sensor sample was
inserted into a test chamber for the control of the temperature at a
ﬁxed O3 concentration. The O3 gas was formed by oxidation of
oxygen molecules of dry air (8.3 cm3 s  1) with a calibrated penray UV lamp (UVP, model P/N 90-0004-01), obtaining an O3
concentration of 100 ppb. The dry air containing O3 was blown
directly onto the sensor placed on a heated holder. The applied
dc voltage was 1 V, and the electrical resistance was measured
using a Keithley (model 6514) electrometer.
3. Results and discussion
Fig. 1 shows the XRD diffraction pattern of ZnO crystallized at 120 1C and 140 1C for 8 min using the MAH route. No
signiﬁcant changes were observed in the XRD pattern with the
increase of the crystallization temperature. All diffraction
peaks could be indexed to the ZnO hexagonal wurtzite
structure (space group: P63mc (186); a ¼ 0.3249 nm,
c¼ 0.5206 nm; JCPDS card 036-1451) [28]. The peak intensities relative to the background signal showed the hexagonal
phase of products and the high crystallinity of the main phase.
No other peaks related to impurities were present. Besides the
main phase, peaks coming from the substrate were also evident
in the pattern. The intense peaks in the XRD pattern of
the powdered sample treated at 120 1C clearly revealed the
formation of the ZnO hexagonal wurtzite phase with a

Fig. 1. X-ray diffraction pattern of the ZnO nanostructures obtained with the
hydrothermal microwave method after 8 min at 120 1C and 140 1C.
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prominent (002) plane. This is the most stable phase of ZnO.
Besides, the hydrothermal reaction caused the conversion of
((CH3CO2)2Zn  2H2O) into ZnO. The nanocrystallites were
oriented along the c axis, [002] direction. The narrow peaks
indicated good sample crystallinity, demonstrating that the
ZnO nanocolumns obtained after 8 min using the MAH
process had a long-range periodicity. The average crystallite
sizes calculated by the Debye–Scherrer method were around
7.03 and 8.80 nm for a soaking time of 8 min at 120 and
140 1C, respectively. Clearly, the crystallization temperature
affects the ZnO crystal growth. As the average diffusion
distance for the diffusing solute is short and the concentration
gradient is steep in concentrated solutions, a considerable
amount of diffusing material passes through a unit area per unit
time. The use of zinc acetate dehydrate provides a clear
evidence that ZnO was formed instead of Zn(OH)x, as this
salt is easily dissociable in few milliliters of water, and the
friable mass (Zn2 þ ) after the acid treatment, reacted spontaneously with the mineralizer to produce a highly exothermic
reaction. When zinc acetate dehydrate is used as the precursor
salt and is dissolved with an acid, the Zn2 þ ion is oxidized to
Zn3 þ , and then the acidic mass reacts exothermically with the
mineralizer, forming a by-product salt (KNO3) that surrounds
the hydroxide product. In oxidizing atmospheres, dehydration
occurs, converting the hydroxide intermediate to oxide. In the
MAH methods, the conversion to oxide is more rapid owing to
the effect of the energetic radiations assisting the transformation of Zn(OH)x to ZnO.
Fig. 2 shows the FTIR spectral features of ZnO nanostructures
crystallized at different temperatures. Strong intense bands at
around 3750, 2350, 1650, 1075 and below 700 cm  1 were
observed. The bands at 3750 and 1650 cm  1 correspond to the ν
and δ (O–H) modes of (H-bonded) water molecules, respectively.
As residual water and hydroxyl groups are usually detected in the
as-prepared samples, regardless of the synthesis method used
[29–30], further heat treatment is necessary for their elimination.
Notably, the hydroxylation of metal ions and the deprotonation
can be accelerated by raising the solution temperature or pressure.
In hydrothermal microwave processing, the high-frequency
electromagnetic radiation interacts with the permanent dipole of

the liquid (H2O), causing the molecular rotation and consequent
rapid heating. Similarly, permanent or induced dipoles in the
dispersed phase cause rapid heating of the particles. This results
in a reaction temperature in excess of the surrounding liquidlocalized superheating [31]. The FT-IR spectrum also exhibits a
strong broad band below 700 cm  1, ascribed to the δ (Zn–O–Zn)
mode [32]. Speciﬁcally, the strong absorptive peaks at 400–
600 cm  1 were attributed to the Zn–O stretching and bending
vibrations, which are characteristic of the tetrahedral ZnO4
groups. The traces of carbonate at  2350 cm  1 come from
ambient adsorption, in agreement with the literature [32].
FEG-SEM micrographs of ZnO nanostructures obtained at
different temperatures are shown in Fig. 3a and b. The MAH
synthesis process accelerates the ZnO crystallization, leading
to the formation of the material at low temperature and after a
short reaction time. Weak aggregations between the particles
were observed, indicating that Zn(OH)x was transformed to
ZnO after hydrothermal treatment, and van der Waal's forces
were reduced. Moreover, the distribution in size seemed to be
homogeneous, while the structures consisted of ZnO multiwires with a ﬂower-like shape of  50–400 nm in width and
length, showing a clean surface and a hexagonal cross section
with a six-fold pyramidal geometry in the extremity. In the
hydrothermal process, the presence of an alkaline medium was
found to be essential. During the hydrothermal treatment, Zn

Fig. 2. Fourier transform infrared spectroscopy pattern of the ZnO nanostructures obtained with the hydrothermal microwave method after 8 min at
120 1C and 140 1C.

Fig. 3. Field emission gun scanning electron microscopy images of the ZnO
nanostructures obtained with the hydrothermal microwave method after 8 min
at (a) 120 1C and (b) 140 1C.
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hydroxides underwent an attack by the basic medium, dissolving and reacting at higher temperatures and pressures, and
ﬁnally precipitated as insoluble ceramic oxide particles from the
supersaturated hydrothermal ﬂuid. If the temperature and
pressure conditions are carefully maintained during the duration
of the experiment, neither etching of ZnO crystals nor formation
of agglomerates is observed. Therefore, the dissolution and
crystallization process continued in supersaturated ﬂuid in such
a way that the system was self-stabilizing. The ZnO consists of
a non-stoichiometric compound, which contains bulk oxygen
vacancies and interstitial oxygen ions that act as donor states.
These states permit the adsorption of oxygen. When an oxygen
molecule is adsorbed on the ZnO nanostructure surface or at the
grain boundaries, it extracts electrons from the conduction band
(CB), thus reducing the concentration of the electrons. As the
adsorbed oxygen concentration increases, the number of CB
electrons further decreases, and the ZnO nanostructures become
more resistive. In the microwave-hydrothermal synthesis process, during the rapid growth of particles, different conﬁgurations can be produced generating Zn and O vacancies and
surface defects, which may be responsible for the different
average size distributions of the particles. The samples treated at
120 1C exhibited an average particle diameter of 50 nm, and a
particle length of 100 nm. In general, the size of the ZnO wires
is uniform; however, the sample treated at 120 1C appeared
more homogeneous and showed a constant diameter along the
wire length. This sample presented an ideal defect density,
which favored the gas sensing response. The obtained ZnO
samples presented hexagonally shaped wires of high quality, as
shown in the FEG-SEM image. The micrograph revealed that
the ZnO morphology was ﬂower-like wire clusters. The clusters
were composed of multiple ZnO wires joined together at one
end (seed) to form the center, and each grown wire resembled a
ﬂower spread outward. Typical ﬂower-like ZnO architectures
composed of multiple ZnO wires as swords or pointed wires
were observed. The high purity and good crystallinity of the
ZnO hexagonal phase demonstrate that the ZnO nanostructures
obtained with the MAH method present a long range order or
periodicity (completely ordered structure). The facets forming
the nanowires and microwires can be polar and non-polar, and a
new theoretical analysis of the corresponding values of the
surface energy of both polar and non-polar facets of the ZnO
system is currently being performed. These results imply that
the c-axis ((002) direction) is the fast growth direction in ZnO
structures, aligned vertically to the page. The particles do not
grow beyond a certain threshold magnitude because presumably, at the start of the reaction, a large number of nuclei form in
the solution and, as the reaction occurs in a very dilute solution,
there is not enough reactant left for the further growth of the
particles. The MAH process with KOH as mineralizer showed
the efﬁciency to dehydrate the adsorbed water and decrease the
hydrogen bonding effect, leaving weakly agglomerated nanocolumns of ZnO. This behavior indicates that the ZnO
nanostructures had a small amount of water adsorbed on the
particle surfaces, insufﬁcient to obtain the formation of hydrogen bonds between approaching particles. In the microwave
heating process, the introduction of electromagnetic microwave

radiation offers signiﬁcant advantages over the conventional
heating method. Furthermore, rapid heating under hydrothermal
conditions of pressure and temperature provides higher mobility
of the dissolved ions and molecules, and accelerates solid
particles to high speed, increasing the collision rate and effective
fusion at the collision point [33–34]. Microwave heating led to
the formation of crystalline ﬁne particles with a homogeneous
distribution at low temperatures and short treatment times.
However, at 140 1C, a change in the morphology of the
nanostructures was observed. The columnar morphology with
its hexagonal geometry, characteristic of the wurtzite phase, was
not preserved, and extremely rough surfaces appeared. Owing to
the high temperature and pressure reached inside the reaction
cell, some structures seemed to coalesce, limiting their application in sensor devices. The Brunauer–Emmet–Teller (BET)
speciﬁc surface area increased from 90 to 120 m2/g as the
crystallization temperature decreased from 140 to 120 1C. The
lower speciﬁc surface area of the sample crystallized at 140 1C
could be attributed to the agglomeration state of the columnar
morphology with extreme roughness.
Impedance spectroscopy is a powerful tool for studying the
microstructure characteristics of amorphous semiconductors,
ion conductive glasses and transition metal oxides; the
impedance Z* is given by Z* ¼ Z0 –iZ″, where Z0 and Z″ are
the real and complex parts of the impedance spectroscopy,
respectively [35]. Once the real and imaginary parts of the
impedance at different frequencies are obtained, impedance
spectroscopy can be plotted. Impedance spectroscopy provides
information on the semiconductor microstructure resistive
characteristics due to the resistance of the grains and their
boundaries. Fig. 4 shows the impedance spectra in the form of
Nyquist plots obtained from the ZnO nanostructures crystallized at different temperatures. The stability of the impedance
curves with the increase in operating time reveals the microstructure stability of the semiconductor. The impedance curves
of the ZnO sensor consisted of two different arcs
(Fig. 4), which indicated the existence of different polarization
mechanisms in the ﬁlms [36–38]. The ZnO sensor crystallized
at 140 1C had an irregular impedance curve, which continued
to ﬂuctuate randomly over time at ﬁxed temperature (300 1C),

Fig. 4. Cole–Cole plot of complex impedance for ZnO nanostructures obtained
with the hydrothermal microwave method after 8 min at 120 1C and 140 1C.
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Fig. 5. Ozone gas sensing response for ZnO nanostructures obtained with the
hydrothermal microwave method after 8 min at (a) 120 1C and (b) 140 1C; the
samples were exposed for 15 s at an operating temperature of 200 1C. The
arrows indicate when the ozone gas ﬂow was turned on and off.

thus indicating unstable electrical properties, with complex
relaxation mechanisms. The impedance curves of the ZnO
sensor crystallized at 120 1C exhibited a homogeneous circular
arc and gradually became stable at ﬁxed temperature (300 1C)
suggesting stable electrical properties. Therefore, the lower
temperature hydrothermal treatment could effectively stabilize
the microstructure of the ZnO sensor. A semicircle typically
indicates relaxation mechanisms with times closely distributed
[39,40]; this behavior has been observed by several authors in
different metal oxide nanostructures [41,42]. This mechanism
involves charge transfer processes in the material, which has
its behavior modeled by an equivalent circuit. A decrease in
resistance as the temperature is reduced from 140 1C to 120 1C
suggests a decrease in the potential barrier height, due to the
introduction of charge carriers, in addition to the increase of
electrical conduction at higher temperatures. This decrease is
attributed to the thermal excitation of electrons to the CB [43].
In contrast, the diameter of the semicircle increased when the
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temperature increased from 120 1C to 140 1C, indicating an
increase in resistivity, which can be conﬁrmed by the increased
band gap of the samples (2.95 and 2.97 eV, respectively).
The resistance response of the ZnO nanostructures was
studied at 200 1C under the exposure of 100 ppb of O3 gas for
15 s; the results are shown in Fig. 5a and b. The samples
exhibited good sensitivity at low exposure times as well as
total reversibility and good stability of the base line. The ZnO
nanostructure based sensors displayed good sensitivity and no
evidence of saturation in the evaluated concentration range.
Even at low O3 concentration (100 ppb), the samples obtained
at 120 1C and 140 1C exhibited fast response times of 9.6 s and
12 s, respectively, and recovery times of 45.6 s and 87.6 s,
respectively, providing results similar to those obtained at high
O3 concentrations. The analysis of the results revealed that the
operating temperature of the ZnO nanostructure based sensor is
close to that of the WO3, In2O3, and SnO2 sensors, while the
response time is slightly longer than those of the Ag2WO4 and
SnO2-based sensors, but signiﬁcantly shorter than that of the
In2O3-based sensor [14,44–46]. On the other hand, the
recovery time of the ZnO nanostructure based sensor is shorter
than those of the WO3-, In2O3- and SnO2-based sensors.
Besides the capability of most metal oxides, such as ZnO, to
show sensing properties in oxidizing atmospheres within the
ppb range, it can be used to detect reducing analytes, as well as
humidity. On this way, A.S.M.I. Uddin et al. [47] obtained an
acetylene (C2H2) gas sensor consisting of Ag-loaded ZnO
nanorods, supported by a polyimide/polytetraﬂuoroethylene
substrate, which exhibited a high response magnitude of 27.2
(at 1000 ppm) with worse response and recovery times (62 and
39 s, respectively), compared to ours, while Galstyan et al. [48]
reported the fabrication and sensing properties of ZnO
nanostructures, which exhibited relative good sensitivity
towards NO2, H2, and CH4 gases, at higher working temperatures (0.37 @ 300 1C, 11.26 @ 400 1C, and 0.1 @ 500 1C,
respectively). In addition, Narimani et al. [49] reported the
fabrication and characterization of high sensitivity capacitive
humidity sensors based on ZnO nanorods grown by means of
chemical bath deposition, which demonstrated an extremely
long transient time until the result saturates to its ﬁnal
capacity value.
The electrical resistance response is typical of n-type
semiconductor materials exposed to oxidizing gases. The
oxygen species (O2 and O  ) chemisorbed on the semiconductor surface decrease the conductivity of the sensor device
owing to the lower concentration of free electrons in the CB
[44,46]. Remarkably, the ZnO nanostructures obtained at
120 1C displayed good sensitivity, fast response, and short
recovery time. We propose two effects regarding the mechanisms concerning the O3 adsorption in the ZnO nanostructures.
The ﬁrst effect is intrinsic to the sample, and the second is a
consequence of the surface and interface complex cluster
defects, which produce extrinsic defects. Before the adsorption
of O3, the short and medium range order structural defects
generate a non-homogeneous charge distribution in the cell.
Upon O3 adsorption, conﬁguration charges and distorted
excited clusters are formed, allowing electrons to become
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trapped (O3 ). We propose a cluster model, based on Kroger–
Vink notation, to explain the gas sensor properties of complex
metal device of ZnO. In this cluster model, the magnitude and
structural order-disorder effects determine their physical properties. We consider ZnO as a non-centrosymmetric oxide
where a [ZnO4] with a 4-fold tetrahedron is the basic
constituent unit. The cluster-to-cluster charge-transfer process
provides direct insight into the material charge carrier
dynamics, with hole polaron trap states localized at oxygen
anions in the bulk and on the surface. Oxygen vacancies in a
disordered structure with [ZnO4]x/[ZnO3.Vox] complex clusters
are hole trapping centers and, therefore the gas sensing
mechanism can be described by the following equations: The
ﬁrst effect is given by,
½ZnO4 x  ½ZnO3 :Vox -½ZnO4 ’  ½ZnO3 :Vo 

ð1Þ

½ZnO4 ’ ½ZnO3 :Vo  þ O3 -½ZnO4 ’ ½ZnO3 :Vo€…–O3 ðadsÞ
ð2Þ
½ZnO4 ’  ½ZnO3 :Vo€…–O3 ðadsÞ-½ZnO3 :Vo …O3 ’ðadsÞ þ O þ O2 ’ðdesÞ

4. Conclusions
This paper presents new results concerning the detection of
O3 by using nanostructured ZnO obtained by the hydrothermal
microwave method. The merit of this technology lies in the
simplicity of the process, economical energy structures with
high efﬁciency, short duration, accessible auxiliary materials,
in addition to the use of non-sophisticated equipment resulting
in energy savings, contributing to a more sustainable world.
The electrical, morphological and sensing properties of the
ZnO nanostructures can be easily modiﬁed by controlling the
growth regimes and treatment conditions. ZnO nanostructures
have a very high sensitivity to O3 gas. Before the adsorption of
O3, the short and medium range order structural defects
generate a non-homogeneous charge distribution in the cell.
Upon O3 adsorption, conﬁguration charges and distorted
excited clusters are formed, allowing electrons to become
trapped (O3 ). These materials have shown great potential as
novel O3 gas sensors and displayed good sensitivity to low O3
concentrations, as well as a good stability, fast response, and
short recovery time.

ð3Þ
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while the second effect can be expressed by
½ZnO4 xo  ½ZnO3 xd -½ZnO4 ’0  ½ZnO3 d

ð4Þ

½ZnO4 ’  ½ZnO3 d þ O3 -½ZnO4 xo  ½ZnO3 d þ O’3 ðadsÞ

ð5Þ
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½ZnO4 xo  ½ZnO3 d þ O’3 ðadsÞ-½ZnO4 xo  ½ZnO3 xd þO þO’2 ðdesÞ

ð6Þ
Good sensor properties, even at relatively low operating
temperature (200 1C) [50,51] and an O3 atmosphere concentration of 100 ppb for 15 s, were observed. Fig. 5a illustrates
the response obtained for the ZnO nanostructure synthesized at
120 1C. This sample showed the highest sensitivity to O3 gas
(m ¼ 2.4) even for a short exposure time (15 s), demonstrating
an extremely high value, even at low concentrations, compared
with the data in the literature [52]. In addition, this sample
showed an n-type semiconductor behavior. In the presence of
oxidizing gases, electrons in the CB are trapped in the
semiconductor, producing negatively charged scattering centers (O  ,O2  ions), which cause an increase of the material
strength. Upon suspension of the analyte gas ﬂow (O3), the
scattering centers come in contact with O2 from the environment and release the trapped electrons, which return to the
semiconductor CB, generating a drop in resistance [53]. The
ZnO nanostructures synthesized at 140 1C (Fig. 5b) showed
good response as O3 gas sensor, even for a short exposure time
(15 s), exhibiting a typical n-type semiconductor behavior and
sensitivity (m) of 2.2. The action of the O3 gas on the ZnO
surface can be addressed by (Eqs. (1)–6), which show that the
sensor response is quite fast, but the saturation time is different
for the adsorption and desorption processes. The faster
response is believed to be due to the higher surface area of
sensing ZnO nanostructures with smaller particles. In addition,
surface defects and conﬁguration affect the detection.
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