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Impedance-type humidity sensors were fabricated from WOs3 particles to which had been added KOH or
Au nanoparticles (Au NPs). The humidity-sensing (sensitivity and linearity) and electrical properties of
the W03 were improved. Adsorption dynamic analysis and molecular mechanical calculations revealed
that the sensitivity of KOH-added WO; exceeded that of Au NPs-added WOs. The sensor that was made
of the KOH-added WOs3 exhibited favorable impedance, high sensitivity, good linearity, low hysteresis,
a short response/recovery time and high long-term stability over the studied humidity range. Complex
impedance spectra were used to investigate the humidity-sensing mechanism of the KOH-added WOs.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Humidity sensors are extensively adopted to improve qual-
ity of life and enhance industrial processes. Many materials have
been used to fabricate humidity sensors, including polymers [1,2],
ceramics [3,4] and composites [5,6]. Ceramic humidity sensors have
attracted great interest due to their intrinsic characteristics, such
as good reproducibility of the electrical properties, mechanical
strength, chemical and physical stability [4]. Among the available
materials, metal oxides such as SnO;, TiO,, Zn0O, Fe, 03, Al; 03, In,03
and WOs, are the most popular sensing materials for humidity sen-
sors [4]. WO3 has been considered as a promising sensing material
for detecting humidity due to its simple design, low cost, long term
stability, high reliability and fast response [4,7]. Adding Ag [8], SnO,
[9], TiO5 [10-13] or Cry03 [14] is an effective means of improving
the performance of WO3-based humidity sensors.

Alkali ions, such as Li* or K* are used to increase the sensitiv-
ity of Fe;03-[15], SnO,- [16], TiO,- [17,18] and ZnO-based [19,20]
semiconductor humidity sensors because they are associated with
a large number of chemisorption sites for water vapor owing to
their small sizes and the high local charges. Noble nanometals such
as Pt, Pd and Au have also been used as effective additives for chem-
ical sensor applications [21,22]. To the best of our knowledge, not
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any humidity sensor that is based on WO3 with added KOH or Au
nanoparticles (Au NPs) has yet been fabricated. Moreover, the effect
of adding Au NPs or KOH on humidity-sensing properties of the
WO3 has not been studied. In this work, impedance-type humid-
ity sensors that are based on WOs3, and whose conductivity and
sensitivity were modified by adding KOH or Au NPs, were fabri-
cated and characterized. The electrical properties of KOH-added
WO3 and Au NPs-added WO3 were studied as functions of RH,
with special emphasis on sensitivity and linearity. The dynamics of
the adsorption of water vapor molecules onto KOH-added and Au
NPs-added WOs3 that were coated on an electrode of quartz crystal
microbalance (QCM) was also considered to elucidate the sensitiv-
ity of the WO3-based sensing materials herein. The microstructural
characteristics of the WO3; were investigated by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). Complex
impedance spectra were obtained to elucidate the involvement
of ions in conduction by KOH-added WOs3. The humidity-sensing
characteristics of the WO3-based sensing materials, including their
sensitivity, hysteresis, response time, recovery time and long-term
stability, were also studied.
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2. Experimental

2.1. Materials and preparation of impedance- type humidity
sensor

In the preparation of ball-milled WO3; powders, 10g of H,WO4
powder (Aldrich, 99%) was ball-milled in ethanol solution for 24 h.
The slurry thus formed was dried at 110 °C and calcined at 600 °C for
4hin an air stream to form ball-milled WO3 powders. The natural
WO3 powders were prepared by directly calcining H, W04 powder
at 600°C for 4 h in air.

Au NPs were prepared using the method in the literature [23].
The Au NPs colloidal particles were prepared by adding 38.8 mM
sodium citrate (Shimakyu'’s Pure. Chemicals, 99%) to boiling aque-
ous 1 mM HAuCly (Alfa Aesar, 99%). The solution was boiled for
15 min with vigorous stirring, and then allowed to cool to room
temperature.

Natural WO3 precursor slurry solution was prepared by adding
2 g of natural WO3 powders to 5mL deionized water (DIW) with
vigorous stirring. The preparation of ball-milled WO3 precursor
slurry solution were the same that of the natural WO3 precursor
slurry solution. KOH-added WO3 and Au NPs-added WOs3 precursor
slurry solutions were prepared by dispersing the 2 g of as-prepared
ball-milled WO3; powders in 5mL of KOH (Wako Pure Chemical
Industries, Ltd) solution or as-prepared Au NPs colloidal particles,
then and the above as-prepared mixing slurry solution was stirred
for 12 h. The amounts of added KOH were varied 0.01, 0.05, 0.1 and
0.2 mol/L. The amounts of added Au NPs were 0.1 mol/L.

Fig. 1(a) schematically depicts the microstructure of the
impedance-type humidity sensor. The interdigitated gold elec-
trodes were made on an alumina substrate by screen-printing, and
then calcined at 850 °C for 1 h in air. Then, 20 L of the as-prepared
natural WO3, ball-milled WO3, KOH-added WO3 and Au NPs-added
WO3 precursor slurry solutions were drop-coated onto alumina,
which was then thermally treated at 60 °C for 0.5 h in air. The thick-
nesses of the natural WOs3, ball-milled WO3, KOH-added WO3 and
Au NPs-added WO3 were about 27.2 (+0.6), 26.3 (+0.5), 26.5 (£0.5)
and 26.8 (+0.4) pm, respectively.

2.2. Instruments and analysis

The surface microstructure of the natural W03, ball-milled WO3,
KOH-added WO3 and Au NPs-added WO3; that were coated on
an alumina substrate was investigated using a scanning electron
microscope (SEM), a field emission scanning electron microscope
(FE-SEM, FEI company, Nova NanoSEM™ 230) and atomic force

microscopy (AFM, Ben-Yuan, CSPM 4000). Energy dispersive spec-

trometer (EDS) was used to analyze the element of the WO3-based
materials.

Fig. 1(b) presents the humidity-sensing measurement system. A
divided flow humidity generator was used as the principal facility
for producing the testing humidity, as same as previously reported
[24]. The required humidity was produced by adjusting the ratio
of dry and to humid air that were generated by the divided-flow
humidity generator at a total flow rate of 10 L/min. The flow rates
were regulated with mass flow meters and controllers (Hastings).
The required humidity (RH values) was adjusted according to read-
ings from a humidity hygrometer (accuracy of +0.1% RH, Rotronic)
that was calibrated at the CMS/NML (Center for Measurement Stan-
dards/National Measurement Laboratory) humidity laboratory. The
impedance of the sensor thus formed was measured as a function of
RH using an LCR meter (Inductance (L), Capacitance (C) and Resis-
tance (R)) in a temperature-controlled chamber (Thermo-HAAKE)
under the conditions of a measurement frequency of 1kHz, an
applied voltage of 1V, an ambient temperature of 25 °C, shown in
Fig. 1(b Path I).

Fig. 1. (a) Structure of humidity sensor. (b) Schematic structure of the impedance
(Path I) and QCM (Path II) measurement of sensors and the humidity atmosphere
controller.

The dynamics of the adsorption of water vapor molecules onto
ball-milled W03, KOH-added WO3 and Au NPs-added WO3 was
investigated by quartz crystal microbalance (QCM) technique. The
AT-cut quartz crystals with a fundamental resonance frequency of
10MHz and a frequency counter were obtained from ANT Tech-
nologies Corp., Taiwan. The surface area of the gold electrode on a
QCM was 0.102 cm?. Both sides of the QCM electrode were coated
with the as prepared KOH-added W03 and Au NPs-added WOs pre-
cursor slurry solutions by spin coating at a rate of 2000 rpm for
1205, followed by heating at 60 °C for 15 min in air. Each QCM sen-
sor was connected to a suitable holder and placed in the divided
flow humidity generator measuring chamber and was connected to
an oscillator. The frequency shift of QCM sensors due to the humid-
ity adsorption was measured using the frequency counter, and then
the output signal was transferred to a computer, shown in Fig. 1(b,
Path II). Sauerbrey [25] first derived the quantitative relationship
between changes in frequency Af (Hz) of the piezoelectric crys-
tal and mass change caused by mass loading on the piezoelectric
crystal surface as follows:

Af = (=23 x 10’6%2)Am (1)

where f, (MHz) denotes the basic frequency of the unloaded piezo-
electric crystal, A (cm?) represents the surface area of the electrode,
and Am (g) is the change in mass on the crystal surface.
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Fig. 2. SEM images of (a) Natural WOs, (b) Ball-milled W03, (¢) KOH-added WO5 and (d) Au NPs-added WO5. AFM images of (e) KOH-added WOs3 and (f) Au NPs-added WOs.

EDS spectra of (g) KOH-added W05 and (h) Au NPs-added WOs.

3. Results and discussion

3.1. Surface microstructure of natural WOs, ball-milled WOs3,
KOH-added W03 and Au NPs-added WO3

Fig. 2(a)-(d) show SEM images of natural WO3, ball-milled WO3,
KOH-added W03 and Au NPs-added WOs3, respectively. The surface
of these films had a rough porous structure. The sizes of the natural
WO3, ball-milled WO3, KOH-added WO3; and Au NPs-added WO;
were about 4.57 uM, 417 nm, 574nm and 310nm, respectively.
Compared with Fig. 2(b), Fig. 2(c) shows a thin film covered the WO3
particles when KOH was added to it (as indicated by the arrow). The
high-magnification SEM image (inset in Fig. 2(c)) reveals that obvi-
ously aggregation of the WO3 was observed due to the added KOH.
No obvious aggregation of WO3; was observed when Au NPs was
added toit (Fig. 2(d)). Moreover, the high-magnification SEM image
(inset in Fig. 2(d)) shows that the Au NPs coated the WO3 was not
clear. Fig. 2(e) and (f) show the surface topography of 5 pum x 5 pum
KOH-added WO3 and Au NPs-added WOs. The root mean square
(RMS) roughness values of the KOH-added WO3 and Au NPs-added
WO3 were 41.6 and 47.3 nm, respectively. The values of roughness
of KOH-added WO3; and Au NPs-added WO3 did not differ signif-
icantly from each other. The EDS analysis demonstrated that the
KOH (Fig. 2(g)) and Au NPs (Fig. 2(h)) were surely added to the
WOs.

Table 1
Sensitivity and linearity of humidity sensors that were made of natural WOs, ball-
milled W03, KOH-added WO3 and Au NPs-added WOs,

Sensing curve

Sensitivity? (log Z/%RH) Linearity” (R?)

Natural WOs —0.0202 0.9628
Ball-milled WO5 —0.0388 0.9684
Au NPs-added WO3 —0.0392 0.9754
0.01 M KOH-added WO5 —0.0297 0.9884
0.05M KOH-added WO3 —0.0291 0.9872
0.1 M KOH-added WO3 —0.0484 0.9646

0.2 M KOH-added W03 - _

2 Sensitivity was defined as the slope of the logarithmic impedance versus relative
humidity plot in the range 10-90% RH.

b Linearity was shown as the correlation coefficient of the logarithmic impedance
versus relative humidity plot in the range 10-90% RH.

3.2. Effect of adding Au NPs and KOH on electrical and
humidity-sensing properties of WO3

Fig. 3(a) plots the impedances of the natural W03, ball-milled
WO3, KOH-added WO3; and Au NPs-added WOs3 as functions of
relative humidity. The measurements were made at 25°C, an AC
voltage of 1V, and a frequency of 1kHz. Table 1 presents results
concerning sensitivity and linearity based on the fitted line from
10 to 90% RH, where sensitivity is defined as the slope of the log-
arithmic impedance (log Z) versus%RH and linearity, which is a
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Fig. 3. (a) Impedance versus relative humidity plots for humidity sensors. (b) Frequency shifts (Hz) as a function of time (s) for different volume ratio of the moist air on
KOH-added WO3 and Au NPs-added WOs. (c) Linear plot of the reciprocal of relaxation time ( x~!) against vapor concentration (M) for KOH-added WO3 and Au NPs-added

WOs.

correlation coefficient that is defined as the R-squared value of the
fitted line. The sensitivity of the sensors declined in the order KOH-
added WO3 > Au NPs-added WO3 > ball-milled WO3 > natural WO3.
The sensitivity of ball-milled WO5 exceeded that of natural WO3
was related to the fact that the size of WO3; powders decreased
from 4.57 pM to 417 nm, presenting more surface active sites for
adsorbing water molecules, and thereby improved the sensitivity of
ball-milled WOs3. The ball-milled WO3 had higher impedance than
that of natural WO3 at low humidity (<60% RH) because smaller
grains had more grain contacts. The ball-milled W03 exhibited no
obvious variation in impedance in the range 10-30% RH because
its impedance was so high (about 200 MS2). Adding KOH or Au
NPs to ball-milled WO5 effectively reduced this high impedance
and improved the sensitivity. Moreover, the sensitivity of the KOH-
added WO3 exceeded that of Au NPs-added WOs. The sensitivity of
the 0.1 M KOH-added WO3 exceeded that of WO3 (alone), because
KOH is a strong electrolyte, and generating a high local charge den-
sity and a strong electrostatic field on WO5 indicating that water
molecules are more easily adsorbed on 0.1 M KOH-added WO3 than
on WOj5 alone.

The dynamics of adsorption of water molecules onto the ball-
milled WO3, KOH-added WO3 and Au NPs-added WOs3, measured
using the by QCM technique, revealed that the sensitivity of
the KOH-added WO3 exceeded that of ball-milled WO3; and Au
NPs-added WOs. Fig. 3(b) plots the dynamic frequency shifts of
ball-milled W03, KOH-added WO3 and Au NPs-added WO3 versus
time for volume concentrations of moisture in air in the range
of 188-454 ppmy (6.2-16.2% RH). The dynamic frequency shift of
KOH-added WO3 exceeded that of ball-milled WO3; and Au NPs-
added WOs3. Therefore, water molecules were more easily adsorbed

onto the KOH-added WO3 than onto the Au ball-milled WO3 and
NPs-added WOs5. To compare the adsorption behaviors of water
molecules on ball-milled WO3, KOH-added W03 and Au NPs-added
WOs3, the binding rate constant is calculated as described by Okada
et al. [26] and Okahata et al. [27]. Eq. (2) describes the binding
between a sensing film and molecules of water vapor.

Sensing films + water vapor molecules Sensing films — water vapor molecules

where kq and k_; are the adsorption and desorption rate con-
stants, respectively. The formed amount of water vapor molecules,
Amg, on the ball-milled W03, KOH-added WO3 and Au NPs-added
WOs sensing layers at time t, was calculated by Egs. (3)-(6) under
Langmuir isotherm adsorption conditions [26,27]:

[adsorbed vapor molecules]; = [adsorbed vapor molecules]

—t
1—exp(— 3
[ p( X )] (3)
Am; = Am.c[1 - exp(—)] (4)
-t (Amy — Amy)
- In[—7——1 (5)
x~! = k; [adsorbed vapor molecules]+k_; (6)

where Am,, is the maximal amount of water vapor molecules that
are adsorbed on the sensing films at t — oo and  is the relaxation
time. Fig. 3(c) plots the linear correlation between the reciprocal
of relaxation time (x~!) of adsorption and the concentration of
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Fig. 4. (a) Ball-milled W05 added various dosages of KOH, (b) Hysteresis of the humidity sensor, (c) Effect of applied frequency on the response of the humidity sensor, (d)
Response-recovery properties of the humidity sensor, (e) Effect of temperature on the response of the humidity sensor, (f) long-term stability of the humidity sensor.

Table 2

Kinetic parameters for adsorption and desorption of water vapor molecules onto ball-milled WO3, KOH-added WO3; and Au NPs-added WOs.

Desorption rate constant, k_; (s~1) Association constant, K (M)

Thin films Adsorption rate constant, k; (M~1s~1)
Ball-milled WO3 5.9002
Au NPs-added W03 6.1816
KOH-added W03 9.3202

0.1125 52.44
0.1102 60.63
0.1030 90.49

water vapor on the ball-milled W03, KOH-added WOj3 or Au NPs-
added WOj3 (Eq. (6)). The values of ki and k_; were obtained from
the slope and intercept of the curves in Fig. 3(c). Table 2 presents
ki, k.; and the association constant K (=kk—11) for water vapor on
the sensing films. The adsorption rate constant (k;) followed the
order KOH-added WOs3 >Au NPs-added WOj3 > ball-milled WO3.
This experimental result reveals that water molecules are adsorbed
more easily on KOH-added WO than on ball-milled WO3 and Au
NPs-added WOs3. The KOH-added WO3 had a larger association
constant K (90.49 M~1) than Au NPs-added WO3 (60.63M~1) and
ball-milled WO3 (52.44M~1), so water molecules were adsorbed
more easily and strongly on KOH-added WOs3 than on ball-milled
WO3 and Au NPs-added WOs. These results reveal that the KOH-

added WO3 was more sensitive to water molecules than was the
ball-milled WO3 and Au NPs-added WO3. Therefore, the humidity
sensor that was made of KOH-added WO3 was further tested to
elucidate its humidity-sensing properties and mechanism.

3.3. Humidity-sensing properties of KOH-added W03

Fig. 4(a) plots the effect of the amount of added KOH on
the impedance and humidity-sensing properties of KOH-added
WOs3, as functions of relative humidity. At low humidity (<20%
RH), as the amount of added KOH increased up to 0.1M, the
impedance decreased. When the amount of added KOH was 0.2 M,
the impedance was almost independent of RH in the range 60-90%
RH. This finding may be explained by the fact that KOH has a very
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Fig. 5. Complex impedance plots of KOH-added WOs3 at (a) 20% RH, (b) 50% RH, (c) 70% RH and (d) 90% RH.

Table 3

Humidity sensor performance of this work compared with the literatures.
Sensor type Sensing material Working range (%RH) Sensitivity Hysteresis (%RH) Response/recovery time (s) References
Impedance-type KOH-added WO3; 10-90 0.04842104 " <1.5 46/52 This work
Resistance-type WO03-Sn0; nanocomposite 10-90 2.78¢ 5.4 121/453 [9]
Impedance-type KCl-doped SnO; nanofibers 11-95 105 P 3 5/6 [16]
Impedance-type KCl-doped TiO, nanofibers 11-95 1040 - 3/3 [17]
Impedance-type LiCl-doped ZnO nanofibers 11-95 104° 2 3/6 [20]
Impedance-type TiO, NPs/polypyrrole 30-90 0.0306 <3 40 [31]
Impedance-type PAMPS‘ /NaCl/K,CO3 20-90 0.0260 <8 60 [32]
Capacitance-type MgTiO3/LiF 15-80 3.28¢ 3 70/5 [33]
Capacitance-type ZnO cauliflowers 11.3-94.6 17.04f 4.16 20/3 [34]

The sensitivity was calculated as the slope (log Z/%RH)of the sensing curve in the working range.
The sensitivity was calculated as the impedance variations of the sensor changed during the working range.

PAMPS: poly(2-acrylamido-2-methylpropane sulfonate).
The sensitivity was calculated by AC/ARH (pF/%RH) during the working range.
f The sensitivity was calculated by AC/ARH (nF/%RH) during the working range.

a
b
¢ The sensitivity was calculated by AR/ARH (MS2/%RH) during the working range.
d
e

high dissociation constant (6.63 x 1010)[28,29], and so is easily and
completely dissociated in a highly humid atmosphere. The sensi-
tivity increased from 0.0297 to 0.0484 with the addition of KOH.
Since it had both the highest sensitivity and the highest sensing
linearity, the 0.1 M KOH-added WO5 was further tested to evaluate
its humidity-sensing characteristics and humidity-sensing mecha-
nism.

Fig. 4(b) shows the hysteresis property of the humidity sensor.
The hysteresis (between humidification and desiccation, measured
over an RH range of 10-90%) was less than 1.5% RH. Fig. 4(c) shows
the effect of the applied frequency on the response of the humid-
ity sensor, the impedance was measured at frequencies of 1, 11
and 100 kHz at a voltage of 1V. The curve of impedance versus RH
was most linear at 1kHz. The impedance of the humidity sensor
clearly decreased as the frequency increased at low RH because
the adsorbed water could not be polarized (at RH<60%) at a very

high frequency [30]. Fig. 4(d) plots the response and recovery of the
humidity sensor that was measured of which measurements were
made at 25°C and 1kHz. The response time (Tyes95%) is defined
as the time taken for the impedance of the humidity sensor to
response 95% of the maximum change after humidification from
10 to 88% RH. The recovery time (Tiec95%) is defined at the time
required for the humidity sensor to recover 95% of the maximum
change in impedance after desiccation from 85 to 10% RH. The
response time (T es95%) and recovery (Trec95%) time of the sensor
were 46 and 52s, respectively. The response time included the
equilibration time of the water vapor inside the testing chamber
so the actual response time of the sensor was much shorter than
that recorded. Three batches of five humidity sensors each were
fabricated to analyze their reproducibility. For the three batches of
sensors, the reproducibility, given by a coefficient of variation, was
in the range 0.45-1.52 at an RH of between 10 and 90%. Fig. 4(e)
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plots the log-impedance of the humidity sensor versus temper-
ature. As the temperature increased, the RH characteristic curve
shifted to lower impedance. The mean temperature coefficient at
15-35°Cwas within —1.1% RH/°C over the humidity range 10 ~ 90%
RH. Fig. 4(f) plots the long-term stability. The humidity sensor
impedance did not significantly vary for at least 43 days at the
tested RH values of 10, 60, and 90% RH.

Table 3 compares the humidity sensing properties of
the presented humidity sensor with those in the literature
[9,16,17,20,31-34]. The developed humidity sensor that was made
of WO3 to which was added KOH exhibited good hysteresis, and
a comparable sensitivity to, those of the impedance-/resistance-
type sensors that were made of WO3-SnO, nanocomposite
material [9], KCl-doped SnO, nanofibers [16], KCl-doped TiO,
nanofibers [17] and LiCl-doped ZnO nanofibers [20]. Moreover,
the presented humidity sensor had higher sensitivity and lower
hysteresis than the sensor that was made with polymers-based
(poly(2-acrylamido-2-methylpropane sulfonate and polypyrrole))
[31,32]. However, the capacitance-type sensors that were made of
MgTiO3/LiF [33] and ZnO cauliflowers [34] had higher sensitivity
and shorter response/recover time than that of the presented
humidity sensor.

3.4. Complex impedance

Impedance spectroscopy is a powerful method to investigate the
conduction mechanisms of humidity sensors. Therefore, the con-
duction mechanism of the KOH-added WO3 was studied using the
obtained complex impedance plots. Fig. 5(a)-(d) show the complex
impedance spectra of the KOH-added WO3 at various humidities.
The impedance measurements were carried out in the frequency
range from 60 Hz to 100 kHz at humidities from 20 to 90% RH, an
ac voltage of 1V and 25 °C. In the impedance spectra, Z; is the real
part of the impedance Z, and is plotted on the real axis, and Z; is the
imaginary part of Z, and is plotted on the imaginary axis. A semicir-
cular plot of film impedance was obtained at 20% RH (Fig. 5(a)),
which was mainly resulted from the intrinsic impedance of the
material [5,35]. As RH increased to 50-70% RH, a line on the com-
plex plot appeared at low frequencies and its length increased with
RH (Fig. 5(b) and (c)). The plot of impedance became a straight line
at 90% RH (Fig. 5(d)). The straight line at low frequencies repre-
sents was mainly considered to be the contribution of ions (K*
and H30%) [5,35-37]. Therefore, from the view of the complex
impedance plots, the ions (K* and H30*) dominated the variation
of conductance of the sensor with%RH.

4. Conclusions

The sensitivity and linearity of ball-milled WO3 exceeded that
of natural WO3 because of decreasing the size of WO3 powders.
Adding KOH and Au NPs to ball-milled WO3 greatly improved
its conductance and sensitivity. An adsorption dynamic analysis
and molecular mechanical calculations revealed that the associa-
tion constant K for water molecules on KOH-added WO3 exceeded
that for ball-milled WO3 and Au NPs-added WO3, so the sensitiv-
ity of KOH-added WO3; exceeded that of ball-milled WO3; and Au
NPs-added WO3. The humidity sensor that was made of 0.1 M KOH-
added WO3 had the highest sensitivity (slope = —0.0484) and good
linearity (R? =0.9646) between the logarithmic impedance (log Z)
and RH from 10 to 90%, negligible hysteresis (less than 1.5% RH), a
short response time (465s), a short recovery time (52 s), and good
long-term stability (at least 43 days), as measured at 1V, 1kHz
and 25°C. The plots of the complex impedance of the KOH-added
WO3 with in different RH revealed that the curves changed from
semicircular to linear as RH increased, revealing K* and H30" ions

dominated the humidity-sensing mechanism of the KOH-added
WOs.
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