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Abstract

Porous zinc aluminate (ZnAl,Oy,) spinel nanorods were synthesized via a homogeneous co-precipitation approach followed by a heat
treatment at 900 °C. The porous rod-like nanostructures not only increase the efficiency of adsorption sites, but also promote the
dissociation of water adsorbed on nanorod boundaries and pore-walls. Moreover, they also provide an effective and fast channel for
the transport of water vapor and liquid. Therefore, the impedance signal of the sensors based on the porous nanorods presents high
sensitivity, good linearity, small hysteresis, and fast response/recovery time to humidity. Additionally, the sensors are also relatively
stable to humidity for a long time. This study demonstrates that porous ZnAl,O4 nanorods are a promising platform for the

construction of humidity sensors.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Humidity is a physical parameter denoting the degree
of dryness in the atmosphere, and it is a crucial factor in food
processing, textile technology, places such as storage areas,
computer rooms, hospitals, museums and so on. Therefore,
it is necessary to design well-performed humidity sensors,
which usually exhibit the characters of high sensitivity, best
linearity, good reliability and stability, rapid response and
recovery, and small hysteresis [1]. In recent years, researchers
have developed humidity sensors using changes in capaci-
tance, frequency, refractive index, and impedance as sensing
mechanisms [2—4]. These properties are determined by the
sensing medium material, porosity, surface area, and pore
size distribution. At present, many kinds of materials includ-
ing electrolyte [5], organic polymer [6] and ceramic materials
[7] have been produced as humidity sensor bodies. Among
them, ceramic materials have been widely studied due to their
unique properties such as the relatively high thermal,
chemical and mechanical stability [8,9]. Metal oxide ceramic
TiO, [10], ZnO [11], ferrite [7], Al,O5 [12,13], and (Ba,Sr)TiO;
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[14,15] have been extensively used as humidity sensors for their
excellent water adsorbing/removing property. In particular,
they can remain stable at elevated temperatures and high
humidity and have high sensitivity for porous ceramic based
capacitive sensors. Moreover, they have nonlinear character-
istics with hysteresis and require only temporary heating.
Because of the water molecule chemisorption, however,
ceramic-based humidity sensors still lack sufficient sensitivity
over wide humidity ranges and reversibility, and drift in
base resistance with time, which restrains the development
of humidity sensors in applications. With a large surface to
volume ratio and the effective electron transport, one-
dimensional (1D) nanostructures have been regarded as the
ideal candidates for translating the chemical species (gas and
moisture) recognition into an electrical signal [16]. Up to now,
many sensitive chemical sensors have been obtained based on
the 1D nanostructures [17-21].

ZnAl,O4 is a typical ceramic material. Our previous
work has shown that porous rod-like ZnAl,O4 nanostruc-
tures, possessing a large specific surface area of 93.2 m?/g
and a relatively narrow size distribution in the range of
6-20 nm, can be fabricated readily through an annealing
transform of layered composite precursors at 900 °C [22].
Due to capillary condensation effects, furthermore, the
hysteresis loop can be observed in a relatively high pressure
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range of 0.7-0.98P, by the nitrogen adsorption/desorption
isotherms [22]. The immense surface-to-volume ratio can
increase the adsorption sites for water vapor efficiently so that
the sensitivity of the porous-nanostructures-based sensor may
be enhanced. For the abundant void fraction, it can provide
an effective channel for vapor transport. In particular, the flow
rate of liquid can be enhanced significantly in tube-like
nanostructures [14], indicating the response and recovery speed
of the porous-nanostructures-based sensor to humidity is
much faster. The air in the pores is replaced by adsorbed
water as the ambient humidity level increases, and the
permittivity can show a huge increase since the dielectric
constant of water (g, ~ 80) is much higher than that of air
(& 1) at room temperature, which can considerably amplify
the capacitance response at a low relative humidity (RH)
content [23]. Recent studies also show that a highly reprodu-
cible, wide-range humidity sensor can be achieved using the
nanodimensional pores with a narrow size distribution [24,25].
On the basis of these advantageous performances, therefore,
porous ZnAl,O4 nanorods are suitable for sensing application,
where the very high sensitivities and responsiveness should be
expected. In this work, the sensor based on porous ZnAl,O,
nanorods is reported, and its humidity properties are investi-
gated in detail.

2. Material and methods
2.1. Synthesis and characterization of materials

Firstly, the composite precursors were synthesized by
means of a homogeneous co-precipitation method with the
assistance of a surfactant. Detailed description of the method
can be found in our previous publication [22]. Zn(NOs); -
6H,0, AI(NO3); - 9H,0, hexadecyltrimethylammonium bro-
mide [(C]GHgg)N_'_(CHg)gBI'_, CTAB], urca [CO(NHz)z],
and deionized water were mixed at a molar ratio of
1:2:1:5:400 and stirred to obtain a transparent solution.
Then, the solution was put into a Teflon-lined stainless steel
autoclave and kept at a reaction temperature of 125 °C for
15 h. The obtained white slurry was collected, washed, and
dried. After that the resulting powder was annealed at 900 °C
for 3h in an air atmosphere to obtain a pure ZnAl,O4
crystallographic structure.

The structure and morphology of the samples were
characterized using x-ray diffraction (XRD, Bruker D-8
with Cu-Ka radiation), field emission environmental scan-
ning electron microscopy (FE-ESEM, FEI Quanta 200F),
and high-resolution transmission electron microscopy
(HRTEM; JEOL JEM-2010, at 200 kV).

2.2. Fabrication and measurement of humidity sensor based
on porous ZnAl,O4 nanorods

Firstly, the post-annealed ZnAl,O, powder was pressed
into a pellet under 10 MPa with a thickness of about
0.4 cm and a diameter of 1.5 cm. Then, Ag electrodes were
screen printed on both sides of the pellet, and Cu wire was

connected to Ag electrode as lead wire. Finally, the
humidity sensor was fabricated after aging at 95% RH
with a voltage of 1V, 100 Hz for 24 h. The characteristic
curves of humidity sensitivity were measured on a preci-
sion LCR meter (Agilent-4284A). The measured frequency
was in the range from 40 Hz to 1 MHz, and the measured
voltage was 1 V. The controlled humidity environments
were achieved using supersaturation aqueous solutions of
different salts of LiCl, MgCl,, Mg(NOs),, KCI, and KNO;
in a closed glass vessel at an ambient temperature of 25 °C,
which yielded approximately 11%, 33%, 54%, 85% and
95% RH levels, respectively [26].

3. Results and discussion
3.1. Structure characteristics

The representative XRD patterns of the samples synthe-
sized at 125 °C in aqueous solution and post-calcined at
900 °C are both shown in Fig. 1. As evident from the XRD
analysis, the samples obtained from the aqueous solution
are mainly composed of an end-centered NH4AI(OH),CO3
(JCPDS no. 76-192376-1923). In addition, some very weak
diffraction peaks of rhomb-centered hexagonal ZngA-
1,(OH),CO5-nH,O (JCPDS no. 38-048638-0486) and
ZH4A12(OH)]2CO3 -nH20 (JCPDS no. 48-102348*1023)
are also observed. After the precipitate precursor is post-
annealed at 900 °C for 3 h, all reflections in the XRD
pattern can be indexed well to a pure face-centered cubic
ZnAl,O, with a spinel structure, close to the reported
values (JCPDS no. 74-113874-1138). Although the diffrac-
tion intensity of the ZngAl,(OH);(CO5-nH,0 and ZnsA-
1,(OH){,CO;5 - nH,O phase is very weak in contrast with
NH4AI(OH),CO5 on the basis of XRD measurement, the
product post-annealed at 900 °C completely consists of
ZnAl,O,, indicating that Zn>* jons occupy substitution-
ally the sites of cations and are embedded in the middle of
the inter-layers of layered NH4AI(OH),COj structures [27].

The FE-ESEM image provides the general morphology
of the products post-calcined at 900 °C, as shown in
Fig. 2a. From the image, it can be seen that the sample
is composed of relatively uniform 1D nanostructures with
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Fig. 1. XRD patterns of the products: (a) synthesized for 15 h in aqueous
solution and (b) post-annealed at 900 °C for 3 h.
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Fig. 2. FE-ESEM (a), and TEM (b) and (c) images of the sample post-annealed at 900 °C for 3 h.

diameters of about 100-200 nm and lengths ranging from
several to tens of micrometers. Moreover, the nanorods
remain free-standing, remarkably with no sign of aggrega-
tion through the whole heat treatment process. As can be
seen from TEM images shown in Fig. 2b and c, a large
quantity of irregular pores exist in the nanorod, indicating
the formation of porous rod-like nanostructures.

3.2. Humidity sensing characteristics

To determine the humidity sensitivity of the sensor and
evaluate the sensor’s behavior to humidity changes based
on the porous ZnAl,O, nanorods, its impedance at
different frequencies as a function of RH was measured.
The sensor’s sensitivity is defined as the slope of the curve
of sensor response (impedance in this case) vs. humidity
concentration, and the magnitude of the impedance mainly
reflects the conductance of the sensing materials. Although
the impedance as a function of RH presents a nonlinear
tendency with increasing RH, the impedance follows a
logarithmic increase with increasing RH and exhibits good
linear log(Impedance) toward RH in the range of 11-95%.
Linear plots of the log(Impedance) as a function of relative
humidity (11-95% RH) for different frequencies are shown
in Fig. 3. As seen from the humidity plots, the sensor’s
impedance decreases with increasing the RH at all measur-
ing frequencies, especially in low frequency, e.g. at 40 Hz,
and it changes from 7 x 10° to 70 kQ as RH varies from
11% to 95%, implying a relatively high sensitivity. Addi-
tionally, the slope of linear fit curves decreases from
—0.02309 to —0.00619 with the increase of measurement
frequency from 40 Hz to 1 MHz, indicating a decrease in
sensitivity. The relatively high sensitivity demonstrates that
porous rod-like nanostructures can enlarge -efficient
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Fig. 3. Dependence of impedance on RH for the sensor based on porous
ZnAl,O4 nanorods measured at various frequencies.

adsorption sites for water vapor and promote the dissocia-
tion of adsorbed water on the nanorod boundaries and
pore-walls, which contributes to the increase of the surface
electrical conductivity and results in a large decrease in
impedance with increasing RH. Therefore, the sensor
based on the porous ZnAl,O4 nanorods can show a
relatively high sensitivity and a wide range of humidity
detection. In high frequency ranges, the impedance plots
become flat, indicating that adsorbed water cannot be
polarized at higher frequencies [28].

Since the capacitance property of the sensor vs. RH can
reflect the dielectric coefficient of the sensing materials, i.e.
the polarization property, it was also measured in different
frequency ranges, as shown in Fig. 4. It can be seen that
the capacitance not only strongly depends on the measured
frequencies, but also on the RH levels. At the frequency
lower than 100 Hz, a relatively large variation can be
achieved, for instance, the capacitance can change from
about 1000 to 30,000 pF as RH goes to 95% from 11%
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Fig. 4. Capacitance vs. RH of the humidity sensor measured at different
frequencies.

at 40 Hz. When the frequency is higher than 10 kHz,
however, the change of capacitance is inconspicuous. The
higher the measurement frequency is, the smaller the
capacitance change is. From the capacitance-RH curve
given in Fig. 4, it was also observed that the capacitance
shows a relatively slow increase in the low RH range of 11—
85%, and a sharp rise can be detected however, as RH
reaches a certain range (above about 85%), especially at
low measurement frequencies.

In low frequency ranges, the electrical field direction
changes slowly so that the orientation polarization of
adsorbed water appears noticeably. Due to different
relative dielectric constants between water vapor (140 °C,
1.00785) and liquid (close to 80), the higher the RH is, the
more the water vapor is adsorbed and condensed, and thus
the stronger the polarization is. As a consequence, the
dielectric constant (capacitance) increases with RH. How-
ever, in high frequency ranges, the electrical field direction
changes fast so that the polarization of the water cannot
catch up with it, and therefore, the dielectric constant is
small and independent of RH [28,29].

It is well known that physisorption includes pore-wall
adsorption and capillary condensation. Condensation
occurs in all the pores with radius up to r given by the
Kelvin equation (contact angle=0) [30].

R L U—
= RT I(1/RA)

where 7y, v, T, and R stand for the surface tension, molar
volume, absolute temperature, and gas constant, respec-
tively. At relatively low RH levels, very thin layers of water
molecules are formed on the nanorod boundaries and
pore-walls. Subsequently, multilayer adsorption happens
as the humidity level increases. Because the dielectric
constant of water (g, ~ 80) is much higher than that of
air (~ 1) at room temperature, the capacitance slowly
increases with humidity up to 85% RH. When RH exceeds
85%, however, Kelvin radius increases dramatically with
RH [31]. Thus, capillary condensation effects become
predominant gradually, and wider and wider pores will
be filled by water vapor. In addition, water vapor can
also fill into the electrode/nanorod film interface. As a

consequence, the capacitance (dielectric constant) can
increase sharply. This demonstrates that a humidity level
around 85% might be the critical transition humidity for
the porous ZnAl,O4 nanorod-based sensor, under which
the interaction mechanism between water vapor and
porous nanorods changes from the multilayer physisorp-
tion adsorption to the capillary condensation.

The relatively large humidity hysteresis has been a serious
problem in the practical humidity sensors. The adsorption/
desorption hysteresis for the ZnAl,O4 nanorod-based sensor
was also characterized in our experiment through measuring
the impedance dependent on cyclic humidity change at a
frequency of 100 Hz, and the result is shown in Fig. 5. The
black line measured from low to high RH represents the
adsorption process, and the red line measured in the
opposite direction represents the desorption process. The
isotherms can be described as type IV, and a maximum
humidity hysteresis of about 2% is observed under 70%
RH. This relatively small hysteresis is essentially negligible
and indicates a good reliability of the sensor.

At higher RH levels, the appearance of the largest
hysteresis indicates that it distinctly contributes from the
capillary condensation [32]. Since Kelvin radius increases
dramatically with increasing RH, wider and wider pores
will be filled, and the pores will get empty as it decreases.
Generally, there are two different contact angles on the
two branches of the loop. One is an advancing contact
angle (0,) as the pores are filling, whereas the other is a
“receding’ contact angle (6,) as they are emptying. Since
0, is greater than 0,, according to the Kelvin equation, for
a given value of pore size, the value of pressure during the
desorption is less than that during the adsorption causing
the hysteresis [33]. The relatively small hysteresis indicates
that the difference between advancing and receding contact
angles might be very small.

To determine the response/recovery speed of the sensor
based on the porous ZnAl,O4 nanorods, the characteristic
curve of water molecule adsorption and desorption process
for one cycle was also measured as shown in Fig. 6. When
the sensor was exposed to a moist air of 95% RH from a
relatively dry air of 11% RH, the impedance of the sensor

10k
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Fig. 5. Humidity hysteresis characteristic of the humidity sensor mea-
sured at 100 Hz. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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Fig. 6. Response and recovery characteristic of the humidity sensor
measured at 100 Hz.

rapidly decreased and then gradually reached a relatively
stable value. Subsequently, when the sensor was switched
to the dry air of 11% RH again, the impedance abruptly
increased, and rapidly reached a relatively stable value.
The response and recovery time, defined as the time
required to reach 90% of the final equilibrium value, was
around 15 and 30 s respectively. In addition, it also showed
a good reproducibility. These results indicate that the
interaction between water vapor and ZnAl,O4 porous
nanorods should be mainly dominated by physisorption,
while chemisorption plays a minor role. Moreover, the
transport of water vapor and liquid should be very fast in
the nanopores so that the sensor can be practically used.

The long-term stability of gas sensors is also one of
the most important characteristics, especially in a humid
environment. To test the stability, the sensor was exposed
in air for 30 days, followed by measuring impedances at
various RH levels every 5 days. As shown in Fig. 7, the
impedances show nearly no change at each humidity
region for 5 days, which directly confirms that the
impedance of the sensor is relatively stable to the exposure
to the water in the air.

3.3. Discussion on sensing principles

In order to study the transport behavior in an A.C. field
and find out the working principle of the humidity sensor
based on porous ZnAl,04 nanorods, the impedance
spectra for different RH levels within the frequency range
from 40 Hz to 1 MHz were taken. The total impedance
was resolved into real (Z,,) and imaginary (Z;,) parts, and
then complex impedance plots (Nyquist plots) were con-
structed, as shown in Figs. 8 and 9. From Fig. 8, it can be
seen that at a relatively low RH of 11% an approximately
inclined semicircle is observed in the Z,, vs. Z,, curve.
When the RH increases to about 33%, however, two
depressed semicircles can be observed obviously in the
complex impedance plots. Furthermore, their sizes both
decrease with the increasing RH. It is worth noting that the
second is smaller than the first as RH varies in the range
of 33-85%, whereas they become very close at RH higher
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Fig. 7. Impedance stability of the porous ZnAl,O4 nanorod-based sensor
measured at 100 Hz.
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Fig. 8. Complex impedance plots of the humidity sensor based on
ZnAl,O4 nanorods measured in the relatively low RH values of 11%,
33% and 53% within the frequency range from 40 Hz to 1 MHz.

than 85%. In other words, with increasing RH the size of
the first semicircle reduces quickly compared to that of the
second one. As RH level reaches 53%, besides the two
depressed semicircles in high frequency region, a nearly
straight line emerges in low frequency region so that the
complex impedance plots consist of three parts.

Such typical characteristics of the humidity sensor can be
ascribed to a unique structure, consisting of nanorods,
nanorod boundaries, and nanopores, and its schematic
illustration is displayed in Fig. 10a and b. In terms of the
complex impedance diagram shown in Figs. 8 and 9, their
equivalent circuit can be built up, which contains a series
array of parallel RC elements, as shown in Fig. 10c. R
and C represent the resistance and the capacitance of the
parallel circuit, respectively, i.e. the conduction and
the polarization process, and R equals the magnitude of
the diameter of the semicircle. In addition, it is known that
at the peaks of the semicircles the equation wt=1 holds
well, where 7 is the mean relaxation time and equals RC,
and o is the angular frequency at the maximum of the
impedance imaginary component. Each individual compo-
nent, i.e. the nanorod interior materials, the nanorod
boundaries and pore-walls, and the electrode/nanorod film
interfaces, is differentiated by its unique relaxation time (7).
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Fig. 9. Complex impedance plots of the humidity sensor based on the
porous ZnAl,O4 nanorods measured in higher RH values of 85% and
95% within the frequency range from 40 Hz to 1 MHz.
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Fig. 10. (a) Sketch of a single porous ZnAl,O4 nanorod. (b) Schematic
illustration of the humidity sensor based on porous ZnAl,O4 nanorods.
(¢) Equivalent circuit of the sensor. Parallel RC combinations with
subscripts 1, 2, and 3 represent the nanorod interior materials, the
nanorod boundaries and pore-walls, and the electrode/nanorod film
interfaces, respectively.

At very low RH levels (below 11%), only a few water
molecules are adsorbed, and furthermore, the coverage
of water on nanorod boundaries and pore-walls is not
continuous. Thus, the ionization rarely occurs and it is
difficult for the electrolytic conduction. However, a high
local charge density and a strong electrostatic field, pre-
sented in the tips and surface defects of nanorods, can
promote water dissociation on the nanorod boundaries
and pore-walls, and thus protons H* or H;0™, served as
charge carriers of hopping transport, can be generated
[34,35]. For ZnAl,O4 spinel, it is a well-known direct wide-
bandgap semiconductor, whose optical bandgap has been
estimated to be about 3.8 eV [36]; moreover large quan-
tities of defects such as oxygen vacancies exist in the
porous ZnAl,O4 nanostructures. Thus, charged carriers
(conduction) and bounded electrons (polarization) can

exist inside the semiconductor nanorods. In addition, the
barrier formed on nanorod interface against the conduc-
tion of electron, which requires higher activation energies
for hopping across them than the nanorods, and thus
nanorod boundaries and pore-walls possess higher resis-
tance than the nanorod interiors [37]. Although the
protonic hopping transport between adjacent hydroxyl
groups exists on the nanorod boundaries and pore-walls
at very low RH, the resistance of nanorod interior
materials is still lower than that of nanorod boundaries
and pore-walls. Under 11% RH, therefore, the approxi-
mately single semicircle should mainly originate from the
boundaries and pore-walls; however the size of the semi-
circle from the nanorod interior materials is relatively
small and completely hidden inside the large semicircle.

As the RH increases from 33% to 85%, one or several
water layers are formed on the immense nanorod bound-
aries and pore-walls, and thus physisorption begins to
dominate. Moreover, the ionization and dissociation of
water can be promoted hugely on the nanostructured
surfaces. In addition, the motion of ions crossing the
surface might be easier than the tightly packed grains.
Therefore, the electrolytic conduction appears along with
the protonic transport and becomes dominating in the
transport-process. On the other hand, the charged ions
may bend the energy-band of the surface of the sensing
materials, and thus the electrical conductivity can also be
enhanced by donating electrons to the conduction band of
the base materials. As a consequence, the surface resistance
can show a fast reduction compared to that of the interior
materials, and correspondingly, the semicircle size exhibits
a large decrease, and thus the semicircle from the nanorod
interior materials can be observed noticeably and two
major relaxation processes appear within the measurable
frequency ranges. Because the nanorod boundaries possess
higher resistance than nanorod interior materials at low
RH levels [37], the semicircle in high frequency region
should be from nanorod boundaries and pore-walls; while
the semicircle in low frequency region is the result of the
nanorod interior materials. Additionally, the moisture
from the boundaries and pore-walls can diffuse into the
interior structures, and hence the conductivity of nanorod
interior materials can be enhanced and the corresponding
semicircle size also decreases with increasing the RH from
33% to 85%. However, the amount of moisture content in
the cell structures is negligible compared to the amount of
moisture content on the nanorod boundaries and pore-
walls at relatively low RH, and therefore the decrease of its
size is relatively slow.

In higher RH ranges (above 85%), capillary condensation
effects can take place, and moreover, Kelvin radius increases
dramatically with RH [31]. Thus, more and more water
vapor is condensed into the larger pores and the electrode/
nanorod film interfaces. Since the pore-wall is very thin,
meanwhile, the energy-band bend on the surface of the
sensing materials is more serious and electrons transfer more
easily to the conduction band, and moreover, the diffusion of
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moisture into the cell structures cannot be ignored. There-
fore, the resistances from the interior materials of nanorods
also exhibit a considerable decease. As a result, the two
semicircles with very close sizes superimpose in the complex
impedance plot under 95% RH. In addition, because the
water molecules adsorbed on the interfaces between the
sensing film and the electrodes directly contact electrodes,
more charged carriers are accumulated at the electrodes, and
thus the orientation polarization occurs more readily. There-
fore, the condensation of water vapor in the electrode/
nanorod film interfaces not only makes the capacitance
increase hugely, but also makes the charge transfer much
faster than the diffusion of ionic species at the interfaces. As a
consequence, a nearly straight line is observed in lower
frequency region, which can be ascribed to the Warburg
impedance [38]. Moreover, the higher the RH is, the longer
the line is.

4. Conclusions

In summary, ZnAl,O, nanorods, synthesized via a
homogeneous co-precipitation method followed by a heat
treatment at 900 °C, exhibit characteristics of porosity and
a large specific surface area. As inspired by this, a humidity
sensor based on the nanostructures was made. The
adsorption sites of water vapor on nanorod boundaries
and pore-walls can be increased efficiently; moreover a
high local charge density and a strong electrostatic field,
brought by the tips, oxygen vacancies, and surface defects,
can also promote the dissociation of adsorbed water. Thus,
a relatively high sensitivity can be achieved for the
humidity sensor, such as the impedance changes from
7 % 10° to 70 kQ as the RH varies from 11% to 98% at the
measured frequency of 40 Hz. Meanwhile, good linearity,
high reliability and stability, and small hysteresis can be
obtained as well. Additionally, the porous nanostructures
also provide an effective and fast channel for the transport
of water vapor and liquid, and consequently, the sensor
can show quick response and recovery time of about
15 and 30 s, respectively.

At very low RH (below about 11%), the resistance of
the protonic hopping transport on nanorod boundaries
and pore-walls is much higher than that of the electron
transport inside ZnAl,O4 nanorods so that the complex
impedance diagram looks like a single semicircle. With
increasing RH, however, the fast decomposition of
adsorbed water dominates gradually on nanorod bound-
aries and pore-walls. Thus, the electrolytic conduction
along with protonic hopping transport takes place, result-
ing into a relative large decrease in surface resistance. As a
consequence, the size of the corresponding semicircle
shows a larger reduction than that of the semicircle from
nanorod interior materials so that the latter can be
observed clearly in low frequency region in the complex
impedance plots. At RH above 85%, more and more water
is condensed to larger nanopores and electrode/nanorod
film interfaces due to a capillary condensation effect, and

correspondingly, the sizes of the two semicircles both
show larger decrease and a nearly straight line appears in
lower frequency region. Our results indicate that porous
ZnAl,O4 nanorods might be promising humidity sensing
materials for practical application.
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