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bstract

Novel low-humidity sensors were fabricated by the in situ photopolymerization of polypyrrole/Ag/TiO2 nanoparticles (PPy/Ag/TiO2 NPs)
omposite thin films on a quartz-crystal microbalance (QCM). The characterizations of the thin films were analyzed by scanning electron microscopy
SEM) and atomic force microscopy (AFM). The sensitivity increased with the doping amount of TiO2 NPs. The PPy/Ag/50 wt% of TiO2 NPs
omposite thin films exhibited excellent sensitivity (0.0246 −�Hz/�ppmv at 171.1 ppmv), linearity (R2 = 0.9576) and a short response time
12 s at 55.0 ppmv). The low-humidity sensing mechanism was elucidated in terms of surface texture and the nanostructural morphology of the
omposite materials. Additionally, based on the dynamic analysis of adsorption, the association constants of water vapor molecules with PPy/Ag

m.cn

nd PPy/Ag/50 wt% TiO2 NPs composite thin films were estimated to be 81.6 and 227.9 M−1, respectively, explaining the effect of adding 50 wt%
iO2 NPs to PPy/Ag; the sensitivity to low humidity increased as the association constant increased.
2007 Elsevier B.V. All rights reserved.
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. Introduction

A serious consumer demand exists for reliable and accurate
umidity sensors, especially for use under low-humidity condi-
ions, in meteorological, agricultural, clinical, biotechnological
elds and manufacturing applications [1]. New methods and
aterials are sought to improve upon presently available sensors

nd detect more accurately the lowest humidity levels.
Conducting polymers such as polythiophene, polypyrrole

PPy) and polyaniline have been intensively studied because
f their remarkable mechanical and electrical properties, which
re exploited in actuators, sensors and electrochromic devices
2–4]. Among conducting polymers, PPy has attracted much
nterest because it is easily synthesized, it has relatively high
nvironmental stability and its surface charge characteristics can

www.sp
asily be modified by changing the dopant species in the material
uring synthesis. However, the PPy prepared by conventional
hemical polymerization and electrochemical technique was not
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ppropriate for use on a nonconducting substrate surface. The
ain advantage of the photopolymerization process over elec-

rochemical and/or chemical polymerizations is that it allows
onducting polymer films to be easily designed and optimized by
he incorporation of molecular species into the polymer structure
n a nonconducting substrate surface [5].

A quartz-crystal microbalance (QCM) is a very stable device,
hich can measure an extremely small mass change on the
anogram scale [6]. Therefore, the use of QCM coated with sen-
itive materials has become an alternative approach for detecting
ow humidity. The quantitative relationship between the change
n frequency �f (Hz) of the piezoelectric crystal and the mass
hange caused by mass loading on the piezoelectric crystal sur-
ace has firstly derived by Sauerbrey [7]:

f =
(

−2.3 × 106 f 2
zero

A

)
�m (1)

here fzero (MHz) is the basic frequency of the unloaded piezo-

lectric crystal, A (cm2) is the surface area of the electrode, and
m (g) is the change in mass on the surface of the crystal. Hygro-

copic materials were prepared as films coated on an electrode
f QCM to detect humidity. These materials included modified

mailto:spg@faculty.pccu.edu.tw
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itrated polystyrene [8], Nafion-Ag [9] and polypyrrole [10].
anomaterials were also used in sensing films, such as nanosized

eolite films [11], ZnO nanostructure films [12], single-walled
arbon nanotube/Nafion composite material [13], multi-walled
arbon nanotube/Nafion composite material [14] and TiO2
anowires/poly(2-acrylamido-2-methylpropane)sulfonate [15].
owever, to our knowledge, no nanocomposite material that is
ade of nanostructured ceramic materials and conducting poly-
ers has been combined with QCM as a low-humidity sensor.
he sensing characteristics of such humidity sensors depend on

he microstructure which is determined by the process of fabri-
ation. Not only is sensor material being optimized, but the field
f humidity sensor research is also developing approaches for
mproving the manufacture of sensors for practical applications.

The nanostructured ceramic materials exhibited high humid-
ty sensitivity because they contain capillary nanopores and
pecial surface characteristics [16,17]. Therefore, in this study,
ow-humidity sensors were made of PPy/Ag/TiO2 nanoparticles
PPy/Ag/TiO2 NPs) composite films coated on the gold elec-
rode of QCM by in situ photopolymerization. The low-humidity
ensing characteristics of PPy/Ag/TiO2 NPs films were investi-
ated in the volume ratios of moist air from 173.9 to 9711 ppmv.
he dynamics of adsorption of water vapor molecules on the
Py/Ag and the PPy/Ag/50 wt% TiO2 NPs films coated on QCM
ere compared to elucidate the increase in humidity sensitivity
f PPy/Ag as TiO2 NPs are added.

. Experimental

Low-humidity sensors were produced using a method that
as similar to that described by Murphy et al. [5] and Srikanth

nd co-workers [18] and was summarized as a flow diagram in
ig. 1.

.1. Preparation of PPy/Ag/TiO2 NPs composite materials

The TiO2 NPs materials (serial number ST-01, 7 nm in diam-
ter) adopted herein were kindly supplied by Ishihara Sangyo
aisha Ltd. (Japan). The preparation of precursor solution of
iO2 NPs and the pyrrole (Py) composite was as follows. AgNO3
0.03 g, Mallinckrodt Baker Inc.) was added to Py (0.12 g) in
thanol and the mixture was sonicated until the AgNO3 was com-
letely dissolved; then various weight percentages (0, 10, 30, 40,
nd 50 wt%) of TiO2 NPs were added to the solution, which was
onicated to achieve uniform dispersion of nanoparticles.

.2. Fabrication of QCM electrode

AT-cut quartz crystals with a fundamental resonance fre-
uency of 10 MHz were obtained from ANT Technologies
orp., Taiwan. The gold electrode of the QCM was rinsed using
eionized water and then cleaned ultrasonically in acetone. Fol-
owing drying, both sides of the QCM electrode were coated

www.sp
ith the mixture precursor solution by spin coating at a rate
f 1300 rpm for 60 s; the films were then polymerized under
V light (Spectroline, 11SC-1, 254 nm) for 10 min, yielding a
lack film. As a result, 10, 30, 40, and 50 wt% TiO2 NPs-doped

p

=

Fig. 1. Flow diagram for the manufacture process of low-humidity sensor.

Py/Ag composite films had mass values 0.066, 0.146, 0.299,
.375, and 0.555 �g, respectively, on the QCM disk. The dis-
ance between the QCM electrode and the UV lamp was 1.2 cm
nd the UV intensity was 4.5 mW/cm2. Unless otherwise stated,
ll the measurements were made at room temperature, which
as about 23.0 ± 1.5 ◦C.

.3. Instruments and analysis

A divided humidity generator was the main device for gener-
ting the testing gases. The required water vapor concentration
as generated by adjusting the proportions of dry and humid

ir that were generated by the divided flow humidity genera-
or. The dryness of the gas limited the lowest testing point. A
ow-humidity hygrometer (HYGROCLIP IC-3, Rotronic Inc.)
nd a QCM sensor were connected to an outlet of the divided
ow humidity generator and the low-humidity hygrometer was
sed as the reference standard to calibrate the QCM sensor,
s described elsewhere [14,15]. The volume ratio of the moist
ir was adjusted according to the reading of the low-humidity
ygrometer calibrating to the CMS/NML (Center for Measure-
ent Standards/National Measurement Laboratory) humidity

aboratory. The volume ratio of the moist air was calculated
y the following equations:

.c
pmv = Vv

V
× 106 (2)

e

P − e
× 106 (ideal gas) (3)
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Fig. 2. FE-SEM micrographs of (a) PPy/Ag/10 wt% TiO2 NPs, (b)
PPy/Ag/50 wt% TiO2 NPs films, and (c) high magnification of PPy/Ag/50 wt%
TiO2 NPs film.

m.co
m.cn
P.-G. Su, Y.-P. Chang / Sensors a

here Vv is the volume of water vapor, V is the total volume, e
s the partial pressure of water vapor and P is the total pressure.

easurement procedures were recorded as follows. Firstly, the
ynthetic dry air was passed through the detection chamber until
he frequency of QCM became stable; then the water vapor at the
equired concentration was flowed into the detection chamber;
nally, the synthetic dry air was passed through the detection
hamber until the frequency of QCM had returned to its initial
alue. The initial volume ratio of the moist air was 2.77 ppmv
or all experiments.

The surface microstructure and roughness of the thin film
hat was coated on a QCM electrode were investigated using a
eld emission scanning electron microscope (FE-SEM, JEOL,
SM 6335F) and an atomic force microscope (AFM, Ben-Yuan,
SPM 4000) in tapping mode.

. Results and discussion

.1. Surface microstructure characteristics of PPy/Ag/TiO2

Ps composite films

Fig. 2 presents the SEM images of the PPy/Ag/TiO2 NPs
omposite films. The TiO2 NPs were embedded in the PPy/Ag
lms to yield composite films with 10 wt% added TiO2 NPs,
s presented in Fig. 2a. As presented in Fig. 2b, more naked
iO2 NPs were present on the surface of the composite film
ith 50 wt% TiO2 NPs than on the sample with 10 wt% TiO2
Ps. Fig. 2c presents the aggregation of TiO2 NPs.
Fig. 3 presents the AFM images of the PPy/Ag/TiO2 NPs

omposite films. The root mean square (RMS) roughness of the
Py/Ag/10 wt% TiO2 NPs film was about 13.5 nm, as presented

n Fig. 3a. Additionally, the RMS roughness of the film with
0 wt% TiO2 NPs increased to 84.8 nm, as presented in Fig. 3b.
he RMS roughness increased with increasing the amount of
iO2 NPs in the PPy/Ag/TiO2 NPs film because the TiO2 NPs
ere naked. The SEM images reveal this phenomenon (Fig. 2c).
ll of these factors are responsible for the variation in low-
umidity sensing mechanical properties.

.2. Low-humidity sensing properties of PPy/Ag/TiO2 NPs
omposite films

Fig. 4 plots the frequency shifts of PPy/Ag/TiO2 NPs com-
osite films and a PPy/Ag film as a function of time for various
olume ratios of moist air from 173.9 to 9711 ppmv. Table 1 lists
he corresponding sensitivities. For PPy/Ag/TiO2 NPs films, the
ensitivity increased with increasing the amount of TiO2 NPs
dded. The sensitivity of the 50 wt% TiO2 NPs-doped PPy/Ag
lm exceeded that of the other samples and the PPy/Ag film.
ig. 5 plots the calibration curves of the PPy/Ag/TiO2 NPs com-
osite films and the PPy/Ag film. Table 2 presents the slopes and
inear correlation coefficients. These results reveal that the added
iO2 NPs were important to low-humidity sensing. Ceramic

www.sp
nd porous materials are known to sense humidity mainly via a
urface mechanism [19]. The sensitivity of the PPy/Ag/50 wt%
iO2 NPs film was higher than that of the PPy/Ag film, to an
xtent that was related to the adsorption of water molecules on
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Fig. 4. Frequency shifts (Hz) as a function of time (s) for different volume ratios
of the moist air on PPy/Ag and various doped amounts of PPy/Ag/TiO2 NPs
films.
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ig. 3. AFM micrographs of (a) PPy/Ag/10 wt% TiO2 NPs and (b)
Py/Ag/50 wt% TiO2 NPs films.

he surface of the composite film. As the nakedness of and the
umber of defects on the TiO2 NPs on the surface of the sample
ith 50 wt% TiO2 NPs increased (Figs. 2c and 3b), the number
f active sites increased (and the specific surface area increased),
resenting a high local charge density and a strong electrostaticw.sp
eld, which promoted the dissociation of water on the TiO2 NPs
17,20].

Fig. 6 plots the results of the adsorption/desorption of water
apors on the PPy/Ag and PPy/Ag/50 wt% TiO2 NPs coated on

P
a
c
s

able 1
ensitivity to humidity of PPy/Ag and PPy/Ag/TiO2 NPs films coated on QCM for d

olume ratio (ppmv) �ppmv
b Sensitivitya

PPy/Ag 10 wt% TiO2 NPs

173.9 171.1 0.0114 0.0158
826.7 823.9 0.0044 0.0096
600 1597 0.0034 0.0080
656 2653 0.0028 0.0074
264 4261 0.0020 0.0060
480 6477 0.0015 0.0057
711 9708 0.0009 0.0050

a The sensitivity of the various sensing films was defined as −�Hz/�ppmv [8].
b The �ppmv was defined as the volume ratio subtracted by the initial volume ratio

ww
ig. 5. Frequency changed (−�Hz) as a function of water vapor concentration
ppmv) for PPy/Ag and various doped amounts of PPy/Ag/TiO2 NPs films.

CM at two testing points, 55.0 and 450.0 ppmv. The response
RT90)/recovery time of PPy/Ag/50 wt% TiO2 NPs and PPy/Ag
lms were 12/20 s and 15/18 s, respectively, at the testing point
f 55.0 ppmv. The adsorption and desorption of water on the
Py/Ag and PPy/Ag/50 wt% TiO2 NPs films were reversible

t two tested water vapor concentrations. Additionally, Table 3
ompares the sensing properties of the humidity sensor in this
tudy with those in our previous work [21].

ifferent volume ratios of moist air

30 wt% TiO2 NPs 40 wt% TiO2 NPs 50 wt% TiO2 NPs

0.0152 0.0187 0.0246
0.0109 0.0138 0.0159
0.0103 0.0124 0.0140
0.0092 0.0106 0.0124
0.0077 0.0087 0.0103
0.0074 0.0084 0.0090
0.0058 0.0069 0.0073

of moisture air (2.77 ppmv).
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Table 2
The linear sensing characteristics of PPy/Ag and PPy/Ag/TiO2 NPs films coated
on QCM

Sensing characteristics

Slope Linearitya

PPy/Ag 0.0007 0.6924
10 wt% TiO2 NPs 0.0047 0.9862
30 wt% TiO2 NPs 0.0057 0.9623
40 wt% TiO2 NPs 0.0066 0.9736
50 wt% TiO2 NPs 0.0069 0.9576

a The linearity was defined as the R2 value of linear fitting curve in the humidity
range from 171.1 to 9708 ppmv.

Fig. 6. Reversibility of adsorption of water vapors (55.0 and 450.0 ppmv) on
PPy/Ag and PPy/Ag/50 wt% TiO2 NP films.

Table 3
The low-humidity sensor performance of this work compared with previous
work

Previous worka This work

Sensing material PPy/Ag/TiO2 NPs PPy/Ag/TiO2 NPs
Sensor structure Comb-like electrodes QCM electrode
Sensor type Resistive-type Mass-type
Working range 30–90%RH 173.9–9711 ppmv

Sensitivity 0.0306 log Z/%RHb 0.0069 Hz/ppmv
c

Response time 40 s 12 s

a The data refers to Ref. [21].
b The sensitivity shown as the slope of the sensing curve in the humidity range

3

1

3
T

t
p

F
c

t
N

d

w
r
f
i
[

�

τ

w
a
a
(
p
t
t
a
r

T
K

F

P
P

w.sp
m

0–90%RH.
c The sensitivity shown as the slope of the sensing curve in the humidity range
73.9–9711 ppmv.

.3. Adsorption properties of PPy/Ag and PPy/Ag/50 wt%
iO2 NPs films

ww
The behaviors of adsorption of water vapor molecules by
he PPy/Ag and PPy/Ag/50 wt% TiO2 NPs films were com-
ared. The following reaction [9,22] explained the increase in

w
A
s
T

able 4
inetic parameters for adsorption and desorption of water vapor molecules onto PPy

ilms Adsorption rate constant, k1 (M−1 s−1)

Py/Ag 5.296
Py/Ag/50 wt% TiO2 NPs 12.72
ig. 7. Linear plot of the reciprocal of relaxation time (τ−1) against vapor
oncentration (M) for PPy/Ag and PPy/Ag/50 wt% TiO2 NPs films.

he humidity sensing of the PPy/Ag films with doping with TiO2
Ps.
The time course of adsorption behavior at the experimental

ilute concentration is expressed simply as the follows:

(4)

here k1 and k−1 are the adsorption and desorption rate constant,
espectively. The amount of water vapor molecules, �mt, that
ormed on the sensing films at time t, is then given by the follow-
ng equations under Langmuir isotherm adsorption conditions
5,21]:

mt = [sensing films − water vapor molecules]t

= �m∞
[

1 − exp

(−t

τ

)]
(5)

−1 = k1[water vapor molecules] + k−1 (6)

here �m∞ is the maximal amount of water vapor molecules
dsorbed on the sensing films at t → ∞ and τ is the relax-
tion time. Adsorption time courses at various concentrations
0.009–0.12 M) were determined using Eqs. (5) and (6). Fig. 7
lots the linear correlation between the reciprocal relaxation
ime (τ−1) of adsorption and the concentration of water vapor on
he sensing films (PPy/Ag and PPy/Ag/50 wt% TiO2 NPs). Fig. 7
nd Eq. (6) yield the adsorption rate constant k1, the desorption
ate constant k−1 and the association constant K (=k1/k−1) for

.co
m.cn
ater vapor on the sensing films, all of which are given in Table 4.
dditionally, the results in Fig. 6 clearly reveal that the frequency

hifts of the PPy/Ag/50 wt% TiO2 NPs films were the largest.
hese results reveal that the PPy/Ag/50 wt% TiO2 NPs film had

and PPy/TiO2 NPs films

Desorption rate constant, k−1 (s−1) Association constant, K (M−1)

0.065 81.61
0.056 227.9
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greater affinity for water vapor molecules than the PPy/Ag
lm. Therefore, the larger association constant (K = 227.9 M−1)
f water vapor onto the PPy/Ag/50 wt% TiO2 NPs film than
nto the PPy/Ag film is associated with the larger adsorption
ate constant and the smaller desorption rate constant. There-
ore, the PPy/Ag/50 wt% TiO2 NPs film was more sensitive to
ater vapor than PPy/Ag (Table 1).

. Conclusion

The PPy/Ag/50 wt% TiO2 NPs composite film was fabricated
n a QCM electrode by in situ photopolymerization. The sensor
as highly sensitive especially to low humidity with acceptable

inearity, a fast response time and good reversibility. Therefore,
he PPy/Ag/50 wt% TiO2 NPs composite material combined
ith QCM can be regarded as reliable for measuring trace of
umidity.

The Langmuir isotherm adsorption assumption is such that
he adsorption rate constant k1 and the desorption rate constant
−1 for water vapor molecules on PPy/Ag/50 wt% TiO2 NPs
re larger and smaller, respectively, than those for the PPy/Ag
lm coated on QCM. Therefore, the larger sensitivity of the
Py/Ag/50 wt% TiO2 NPs film may be attributable to the fact

hat the association constant K of the PPy/Ag/50 wt% TiO2 NPs
lm with water vapor molecules is higher than that of the PPy/Ag
lm, because naked and defected TiO2 NPs have a high local
harge density and a strong electrostatic field, which promote
issociation of water on TiO2 NPs.
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