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Abstract

A novel ceramic nanowires of TiO2 and poly(2-acrylamido-2-methylpropane sulfonate) (TiO2 NWs/PAMPS) composite material films coated
on quartz crystal microbalance (QCM) was prepared as a low humidity sensor. The 50 wt.% of TiO2 NWs/PAMPS composite material films
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howed excellent sensitivity (2.63 −�Hz/�ppmv) at 31.5 ppmv), linearity (R2 = 0.9959) and acceptable response time (64 s at 34.6 ppmv). The
ow humidity sensing mechanism was discussed in terms of surface texture and nanostructured morphology of the composite materials. Moreover,
he adsorption dynamic analysis, molecular mechanics calculation (association constant), was used to elucidate the effect of adding 50 wt.% TiO2

Ws into PAMPS in the increased sensitivity of low humidity sensing.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Humidity measurements are very important concerns in
nvironmental fields, such as medical or domestic applications
or human comfort, industrial uses, agriculture, automobiles,
extiles, etc. [1]. There are many kinds of ceramics, organic
olymers and composite materials have been studied for the
evelopment of humidity sensors. Inorganic semiconducting
xides like aluminium oxide (Al2O3), tin oxide (SnO2), iron
xide (Fe2O3), zinc oxide (ZnO) and titanium oxide (TiO2)
ave been studied as humidity sensors [2–5]. The polymer
lectrolytes are one of interesting materials because they have
better humidity-sensitive characteristic, such as long-term

tability, reliability, ease of processing and the low fabrication
ost, than the ceramic materials. For example, poly(2-
crylamido-2-methylpropane sulfonate) (PAMPS) polymer
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electrolyte with acidic groups or their salts, such as SO3−H+

or SO3−M+, where M is an alkali metal has been used for
humidity sensors material [6–10]. Some composite materials
of inorganic/polymer have been reported as humidity sensors,
such as SiO2/Nafion [11], TEOS/PAMPS [10], BaTiO3/RMX
[12,13] and BaTiO3/polystrene sulfonic sodium [14].

Different sensing techniques, impedance, capacity [15], optic
[16], field effect transistors (FET) [17,18], surface acoustic wave
(SAW) [19] and quartz crystal microbalance (QCM) [20–24]
have been explored to detect the humidity. Among above various
sensing technologies for humidity detection, the QCM is a very
stable device, capable of measuring an extremely small mass
change [25]. The apparent mass was modified and so was the
resonant frequency, a hygroscopic material has been laid on the
quartz to increase the sensitivity by adsorption of water and
the mass was sharply modified by humidity of ambient air. The
quantitative analysis of the mass change causes by the original
Sauerbrey equation as follows [26]:

�f =
(

−2.3 × 106 f 2
o

)
�m (1)
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where �f (MHz) is the change in frequency, fo the foundation
resonance frequency of the crystal, A (cm2) the surface area of
the electrode and �m (g) is the change in mass on the surface
of the crystal.

The hygroscopic materials were prepared as films coated on
the electrode of QCM in order to detect various vapor and humid-
ity, such as modified nitrated polystyrene [20], QCM associated
with Peltier device [21] and Nafion–Ag [22]. The nanomateri-
als were also used as sensing films, such as nanosized zeolite
film [23] and single-walled carbon nanotube/Nafion compos-
ite material [24], the sensitivities were enhanced and that were
also very interesting subjects for further study. However, there
was no nanocomposite material made of nanostructured ceramic
materials and polymer electrolytes used for low humidity
sensor.

The nanostructured ceramic materials had high humidity
sensitivity due to the capillary nanopores and special surface
characteristics [4,5] so that in this study, a novel nanocomposite
humidity sensing film was prepared by TiO2 nanowires (TiO2
NWs) and PAMPS as low humidity sensor. The humidity sens-
ing characteristics of TiO2 NWs/PAMPS films were investigated
in the volume ratio of moist air range of 31.5–2170 ppmv. Com-
pared with the adsorption dynamics of water vapor molecules
onto the PAMPS and 50 wt.% TiO2 NWs/PAMPS films coated
on QCM to elucidate the increased in humidity sensing sensi-
tivity of PAMPS with addition of TiO NWs.
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Fig. 1. FE-SEM micrograph of TiO2 NWs.

2.1.3. TiO2 NWs/PAMPS composite materials
The composite materials were prepared by adding of TiO2

NWs into the diluted PAMPS solution by different weight per-
centages as 0, 1, 10 and 50 wt.% of TiO2 NWs composition in
the mixtures. Then, dispersed the TiO2 NWs of the prepared
samples by sonication treatment for 10 min, the white solutions
were obtained.

2.2. Electrode of QCM fabrication

AT-cut quartz crystals with a fundamental resonance fre-
quency of 9 MHz were obtained from ANT Technologies Corp.
The gold electrode of the QCM was rinsed with D.I. water and
then cleaned ultrasonically in acetone. After drying, both sides
of the QCM electrode were coated with the mixture solution by
spin coating at the speed of 1000 rpm for 60 s. A sensing film was
formed by oven drying at 100 ◦C for 1 h in air, the thickness of
the films were about 2.5–3 �m by SEM observation. All experi-
ments were performed at room temperature about 23.0 ± 1.5 ◦C.

2.3. Instruments and analysis

A divided humidity generator was used as the principal facil-
ity for producing the testing gases. The required water vapor
concentration was produced by adjusting the proportion of dry
a
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. Experimental

.1. Material preparation

.1.1. TiO2 nanowires
TiO2 NWs were prepared using hydrothermal method sim-

lar to that described by Li and co-workers [27]. Two grams
f Anatase TiO2 powders (Sigma–Aldrich Co. Inc., USA) was
laced into a Teflon-lined autoclave of 125 ml capacity. Then,
he autoclave was filled with 80 ml of 10 M NaOH aqueous
olution, sealed into a stainless steel tank and maintained at
00 ◦C for 24 h without shaking or stirring. After the auto-
lave was cooled to room temperature naturally, the obtained
ample was washed with dilute HCl aqueous solution, deion-
zed (D.I.) water and ethanol sequentially several times. The
brous white product was obtained after drying the sample
t 70 ◦C for 6 h. Fig. 1 shows SEM image of the prepared
iO2 NWs. It indicates the NWs are quite clean and loos-
ned, and easy being dispersed by sonication treatment could be
roposed.

.1.2. Poly(2-acrylamido-2-methylpropane sulfonate)
The PAMPS was prepared according to the method pre-

iously described [10] by dissolving 4 g AMPS monomer
Merck) in 10 ml D.I. water, then added 0.8 ml of 0.625 wt.%
odium persulfate (Merck) in the solution. The mixture solu-
ion was refluxed at 100 ◦C for 15 min with high speed stirring,
hen poured it out and cooled to room temperature naturally.
inally, the PAMPS was diluted by 10 times with addition D.I.
ater.
nd humid air, generated by the divided flow humidity genera-
or. The lowest testing point is limited by the dryness of the gas.

low humidity hygrometer (HYGROCLIP IC-3, Rotronic Inc.)
nd a QCM sensor was connected to an outlet of the divided flow
umidity generator, and the low humidity hygrometer was used
s the reference standard for the calibration of the QCM sensor.
he volume ratio of the moist air would be adjusted according

o the reading of the low humidity hygrometer calibrating to the
enter for Measurement Standards/National Measurement Lab-
ratory (CMS/NML) humidity laboratory. The volume ratio of
he moist air was calculated by the following equation:

pmv = Vv

V
× 106 (2)



948 P.-G. Su et al. / Talanta 69 (2006) 946–951

Fig. 2. Schematic diagram of experimental setup for the QCM sensor mea-
surement and low humidity atmosphere controller. (a) Molecular sieve and
desiccating agent, (b) water, (c) mass flow controller, (d) detecting chamber and
QCM, (e) thermostat, (f) low humidity hygrometer, (g) oscillator and frequency
counter and (h) PC.

ppmv = e

P − e
× 106 (ideal gas) (3)

where Vv is the volume of water vapor, V the total volume, e
the partial pressure of water vapor and P is the total pressure.
The initial volume ratio of the moist air was 14.7 ppmv for all
experiments. The analysis system is illustrated in Fig. 2.

3. Results and discussion

3.1. Microstructure characteristics of TiO2 NWs/PAMPS
composite material films

The SEM images of the TiO2 NWs/PAMPS composite mate-
rial films are shown in Fig. 3. Fig. 3a, composite material film
with addition of 1 wt.% of TiO2 NWs, the TiO2 NWs were
embedded in the PAMPS films. As shown in Fig. 3b and c, there
were more pulling-up TiO2 NWs on the surface of composite
material film with 50 wt.% TiO2 NWs than that of sample with
10 wt.% TiO2 NWs. Obviously aggregation of TiO2 NWs was
also observed in Fig. 3b and c. All these factors leaded to the
difference of low humidity sensing mechanical properties.

3.2. Low humidity sensing properties of TiO2 NWs/PAMPS
composite material films
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Fig. 3. FE-SEM micrographs of: (a) 1 wt.%, (b) 10 wt.% and (c) 50 wt.% TiO2

NWs/PAMPS composite material films.

were slightly decreased. The results of calibration curve of TiO2
NWs/PAMPS composite material films and PAMPS films are
plotted in Fig. 5 and the slope and linear correlation coefficient
were calculated as shown in Table 2. For TiO2 NWs/PAMPS
composite material films, the linear sensing characteristics at the
ranges of 31.5–515 and 515–2170 ppmv were shown different
The frequency shifts and sensitivity of TiO2 NWs/PAMPS
omposite material films and PAMPS films as a function of time
or different volume ratio of the moist air, the range from 31.5 to
170 ppmv, are plotted in Fig. 4 and is listed in Table 1. As shown
n Table 1, when volume ratio of moist air was 31.5 ppmv, the
ensitivity of 1, 10 and 50 wt.% TiO2 NWs doped PAMPS com-
osite material films and PAMPS films were 1.05, 1.14, 2.63 and
.24, respectively. For TiO2 NWs/PAMPS composite material
lms, the sensitivity was increased with increasing the addition
mount of TiO2 NWs. Moreover, it is definitely demonstrated
hat the sensitivity of 50 wt.% TiO2 NWs doped PAMPS com-
osite material films was higher than that of the other samples
nd PAMPS films, especially at humidity lower than 515 ppmv.
owever, compared with PAMPS films, the sensitivity of 1 and
0 wt.% TiO2 NWs doped PAMPS composite material films
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Fig. 4. (a–d) Frequency shifts (Hz) as a function of time (s) for different volume
ratio of the moist air on PAMPS and various doped amount TiO2 NWs/PAMPS
composite material films.

Fig. 5. Frequency changed (−�Hz) as a function of volume ratio (ppmv) for
PAMPS and various doped amount TiO2 NWs/PAMPS composite material films.

performance. The steep decreased in slope was observed at the
volume ratio of moist air of 515–2170 ppmv. This behavior was
different from PAMPS films which showed slightly deviation in
slope between the 31.5–515 and 515–2170 ppmv. Thus, suggest-
ing that addition of TiO2 NWs played an important role in the
low humidity sensing property. The humidity sensing of ceramic
and porous materials was known to mainly occur as a surface
mechanism [28]. The sensitivity of 50 wt.%TiO2 NWs/PAMPS
composite material films increased, compared to PAMPS films,

Table 2
The linear sensing characteristics of various doped amount of TiO2

NWs/PAMPS composite material films and PAMPS films at different volume
ratio of moist air

Sensing characteristics

14.7–515 ppmv 515–2170 ppmv

Slope Linearitya Slope Linearitya

PAMPS 0.2616 0.9990 0.1566 0.9918
1 wt.% TiO2 NWs 0.2062 0.9969 0.0899 0.9882
10 wt.% TiO2 NWs 0.2325 0.9991 0.0879 0.9860
50 wt.% TiO2 NWs 0.4206 0.9959 0.1431 0.9998

a Correlation coefficient.

Fig. 6. Reversibility of adsorption of water vapors (34.6 ppmv) on PAMPS films
(a) and 50 wt.% TiO2 NWs/PAMPS composite material films (b).

was also related to the adsorption of water molecules on the sur-
face of the composite material films. The more pulling-up tips
and defects of the TiO2 NWs on the surface of the sample with
50 wt.% TiO2 NWs (as shown in Fig. 3c), provided more active
sites, presented a high local charge density and a strong elec-
trostatic field which promoted water dissociation on TiO2 NWs
[5,29]. But, at higher volume ratio of moist air (515–2170 ppmv),
suggested the absence of active sites for reaction to occur and,
hence, the steep decreased in slope was observed. Moreover, a
continuous increased in sensitivity with increasing in volume
ratio of moist air was observed. This could be probably due to
the PAMPS which also reacted with water molecules.

The response time (RT90) and recovery time of the 50 wt.%
TiO2 NWs doped PAMPS composite material films were 64 and
184 s, respectively, at the testing point of 34.6 ppmv (as shown
in Fig. 6).

Table 1
The sensitivity of the TiO2 NWs/PAMPS composite material films coated on QCM for different volume ratios of moist air

Volume ratio (ppmv) �ppmv
a Sensitivityb

PAMPS 1 wt.% TiO2 NWs 10 wt.% TiO2 NWs 50 wt.% TiO2 NWs

31.5 16.8 1.24 1.08 1.14 2.63
221.3 206.6 0.38 0.31 0.35 0.79
515 500.3 0.32 0.26 0.29 0.56

1052.2 1037.5 0.26 0.19 0.20 0.35
2170 2155.3 0.20 0.13

a The �ppmv was defined as that the each volume ratio subtract the initial volume
b The sensitivity of the various sensing film was defined as −�Hz/�ppmv [20].
0.14 0.24

ratio of moisture air (14.7 ppmv).
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Table 3
Kinetic parameters for binding and dissociation of water vapor molecules onto PAMPS films and 50 wt.% TiO2 NWs/PAMPS composite material films

Films Binding rate constant, k1 (M−1 s−1) Dissociation rate constant, k−1 (10−2 s−1) Association constant, K (102 M−1)

PAMPS 80.23 0.11 744.92
50 wt.% TiO2 NWs/PAMPS 51.00 0.07 756.60

3.3. Adsorption properties of PAMPS films and 50 wt.%
TiO2 NWs/PAMPS composite material films

In order to elucidate that the sample with 50 wt.% TiO2 NWs
increased in sensitivity, compared with PAMPS film, the adsorp-
tion dynamics of water vapor molecules onto the PAMPS and
50 wt.% TiO2 NWs doped PAMPS composite material films
coated on QCM were investigated. The results of the adsorp-
tion/desorption of water vapors (34.6 ppmv) onto the PAMPS
and 50 wt.% TiO2 NWs/PAMPS coated on QCM are shown in
Fig. 6. It was clear that the frequency shifts of the 50 wt.% TiO2
NWs/PAMPS composite material films had the higher frequency
shifts. It also appeared that desorption of water molecule from
50 wt.% TiO2 NWs/PAMPS composite material films was rel-
atively slower than PAMPS films. It was also observed that the
process of adsorption and desorption of water on PAMPS films
and 50 wt.% TiO2 NWs/PAMPS composite material films was
reversible. The results implied that 50 wt.% TiO2 NWs doped
PAMPS composite material films had larger affinity to water
vapor molecules than PAMPS films.

Comparing the adsorption behaviors of water vapor
molecules onto PAMPS films and 50 wt.% TiO2 NWs/PAMPS
composite material films and explanation increasing the sensitiv-
ity of humidity sensing of PAMPS films doped with TiO2 NWs,
the following reaction was adopted as the following described
[22,30]:
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Fig. 7. Linear plot of the reciprocal of relaxation time (τ−1) against vapor con-
centration (M) for PAMPS and 50 wt.% TiO2 NWs/PAMPS composite material
films.

ciation constant K (K = k1
k−1

) for water vapor molecules onto the
sensing films (PAMPS and 50 wt.% TiO2 NWs/PAMPS) were
calculated and are listed in Table 3. The PAMPS–water vapor
molecules showed a larger k−1 value. This coincides with the
result that water vapor molecule was easier to dissociate from
PAMPS films than 50 wt.% TiO2 NWs/PAMPS composite mate-
rial films. The association constant K of water vapor molecules
onto the 50 wt.% TiO2 NWs/PAMPS sensing films were larger
than PAMPS films, indicates that 50 wt.% TiO2 NWs/PAMPS
composite material films to water vapor molecules were more
sensitive than PAMPS films (as shown in Tables 1 and 2).

4. Conclusion

A novel nanocomposite material of humidity sensing film
made of 50 wt.% TiO2 NWs and PAMPS coated on quartz
crystal microbalance showed high sensitivity (especially at low
humidity), good linearity and good reversibility. The possible
mechanism for the 50 wt.% TiO2 NWs/PAMPS composite mate-
rial films increased sensitivity has also been suggested. The
50 wt.% TiO2 NWs/PAMPS composite material films combines
with QCM can be considered as a reliable technique for trace
humidity measurement.

Based on Langmuir isotherm adsorption assumption showed
larger dissociation rate constant k−1 for water vapor molecules
o
r
m
fi

Sensing films + water vapor molecules

k1⇔
k−1

sensing films–water vapor molecules (4)

here k1 and k−1 are referred to binding rate constant and disso-
iation rate constant, respectively. The formed amount of water
apor molecules, �mt, on the sensing films at time t, is then given
y the following equations under Langmuir isotherm adsorption
onditions [22,30]:

mt = �m∞
[

1 − exp

(−t

τ

)]
(5)

−t

τ
= ln

[
�m∞ − �mt

�m∞

]
(6)

−1 = k1[water vapor molecules] + k−1 (7)

here �m∞ is the maximal adsorbed amount of water vapor
olecules on sensing films at t → ∞ and τ is the relaxation

ime. Fig. 7 shows the linear correlation between the recipro-
al of the relaxation time (τ−1) of adsorption and the water
apor molecules concentrations to the sensing films (PAMPS
nd 50 wt.% TiO2 NWs/PAMPS). Using Fig. 7 and Eq. (7), the
inding rate constant k1, dissociation rate constant k−1 and asso-
n PAMPS than 50 wt.% TiO2 NWs/PAMPS composite mate-
ial films coated on QCM. This demonstrated that water vapor
olecules were easier to be dissociated from the PAMPS
lms. Moreover, molecular mechanics calculation supported the
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results that the larger sensitivity of 50 wt.% TiO2 NWs/PAMPS
composite material films to water vapor molecules might to
be ascribed to the slightly larger association constant K than
PAMPS films.
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