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Generation 1 amine terminated polyamidoamine (PAMAM) dendrimer (G1-NH;)-Au nanoparticles (G1-
NH,-AuNPs) was coated on a polyester (PET) substrate to form a novel flexible impedance-type humidity
sensor. The formation of AuNPs was characterized by UV-vis spectroscopy. The microstructure of the G1-
NH,-AuNPs film was analyzed by atomic force microscope (AFM). The effect of the AuNPs on the electrical
and humidity sensing properties of the G1-NH,-AuNPs films on a PET substrate was investigated. The
sensor had good flexibility. This flexible humidity sensor also exhibited good sensitivity and acceptable
linearity (Y=-0.045X+7.866; R?> =0.9693) between logarithmic impedance (logZ) and RH in the range
30-90%RH, negligible hysteresis (within 2%RH), good response time (40 s) and recovery time (50s), and
long-term stability (39 days at least), measured at 1V, 1kHz and 25°C. The flexible humidity sensor’s
linearity depended on the applied frequency. The temperature influence between 15 and 35 °C; found to
be —0.55%RH/°C for 30-90%RH. The different complex impedance plots obtained at low and high relative
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humidity indicated that the ions dominate the conductance of the G1-NH,-AuNPs film.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Flexible sensors has attracted much interest recently because
of they have light weight, robustness, low cost and flexible, mak-
ing them suitable for application in various new areas, such as
handheld portable consumer electronics, smart textiles and radio
frequency identification (RFID) tags [1-4]. The main challenge for
development of flexible sensors is not only their manufacture, but
also the stability of their mechanical, electrical and sensing prop-
erties under repeated bending.

Humidity sensors are widely used in measurement and con-
trol of humidity in human comfort and a myriad of industrial
processes. Many materials have been studied for their use in
fabricating humidity sensors, including polymers, ceramics and
composites. Polymers are widely employed as practical humid-
ity sensors [5-9], since they present many advantages such as
low cost, flexibility and easy processability. Flexible humidity
sensors, fabricated from polymeric materials, have recently been
divided into two categories of capacitive-type and impedance-
type [10-15]. Oprea et al. developed capacitive-type humidity
sensors that were integrated into a flexible RFID tag, based on
polycellulose acetate (PCA), polycelluloseacetate-butyrate (PCAB),
polymethyl-methacrylate (PMMA) and polyvinylpyrrolidone
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(PVP) sensing films [10]. Zampetti et al. fabricated a flexible
capacitive-type humidity sensor that was made by coating a
bis(benzo-cyclobutene) (BCB) film on a polyimide substrate [11].
In our earlier studies [12-15], flexible impedance-type humidity
sensors that were made by coating the copolymer of methyl
methacrylate (MMA) and [3-(methacrylamino)propyl] trimethyl
ammonium chloride (MAPTAC) (poly-MMA/MAPTAC) [12,13],
TiO, nanoparticles-polypyrrole-poly-[3-(methacrylamino)propyl]
trimethyl ammonium chloride composite material [14] and
poly(2-acrylamido-2-methylpropane sulfonate) (PAMPS) and its
salt complex [15] sensing films on a flexible substrate (polyester
film; PET).

Au nanoparticles (AuNPs) have attracted much interest because
of their attractive electronic, unique optical, thermal and physical
properties as well as their catalytic activity and potential appli-
cations in chemical sensors and biosensors [16]. Polyamidoamine
(PAMAM) dendrimers are highly branched and well-defined three-
dimensional macromolecules [17]. They have attracted much
interest recently because of their high geometric symmetry,
easily controlled nanosize, controllable surface functionality, film-
forming ability and chemical stability, which have resulted in
the extension of their use to biosensors and chemical sensors
[18-22]. Grabchev et al. synthesized 1,8-naphthalimide-labeled
PAMAM for the detection of transition metal ions [18]. Kwak
et al. prepared a hydrogen peroxide sensor by depositing Prus-
sian blue on nano-Au/PAMAM dendrimer-modified gold electrode
[19]. Yang et al. fabricated an impedimetric thrombin aptasensor
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that was based on a PAMAM dendrimer-modified gold elec-
trode [20]. Shi et al. fabricated a carbofuran sensor made of
acetylcholinesterase/PAMAM-Au on a CNT-modified electrode by
layer-by-layer self-assembly [21]. Zhu et al. fabricated a bisphenol
(BPA) sensor that was made of a PAMAM dendrimer and a CoTe
quantum dots-modified glassy carbon electrode [22]. However, no
attempt has been made to construct flexible impedance-type poly-
meric humidity sensors based on PAMAM dendrimers. In this study,
generation 1 amine terminated PAMAM dendrimer (G1-NH,) and
G1-NH;,-Au nanoparticles (G1-NH,-AuNPs) were drop-coated on a
polyester (PET) substrate to form flexible impedance-type humid-
ity sensors. The G1-NH,-AuNPs were characterized using an atomic
force microscope (AFM) and a UV-vis spectrophotometer. The
effect of the AuNPs in the G1-NH,-AuNPs film on the response of
the film to a change in humidity was investigated. The flexibility
and humidity-sensing properties, including sensitivity, hysteresis,
effects of applied frequency and ambient temperature, response
time, recovery time and stability were also investigated. The
complex impedance spectra were used to elucidate the sensing
mechanism of the G1-NH;,-AuNPs film.

2. Experimental
2.1. Preparation of humidity sensor

Fig. 1 displays a picture of the structure of humidity sensors
fabricated on a PET substrate. The interdigited gold electrodes
were made by sputtering initially Cr (thickness 50nm) and then
Au (thickness 250 nm) in a temperature range of 120-160°C. The
electrode gap was 0.2 mm.

G1-NH;, dendrimer (5wt% in methanol solution, Aldrich) was
used without further purification. The preparation of G1-NH,-
AuNPs solution was similar to the method that was reported by
Shi et al. [21]. G1-NH;-AuNPs solution was prepared by adding
5mL of 20 or 50 mg/mL of HAuCl, solution to 0.1 mL of G1-NH;,
stirring for 20 min, and then incrementally adding an excess of
formic acid (reducing agent, 4.0 mM) into the solution to ensure
that most of the HAuCl, was reduced to AuNPs. When the AuNPs
were formed, the color changed from yellow to wine-red. The G1-
NH,-AuNPs solution was drop-coated on a PET substrate containing
a pair of interdigited gold electrodes, followed by heating at 60°C
for 5min in air. Thus a flexible impedance-type humidity sensor
was obtained.

Fig. 1. Photo of humidity sensors on a PET substrate.

2.2. Instruments and analysis

The formation of AuNPs was characterized by UV-vis spec-
troscopy (Agilent 8453). The surface microstructure of the
G1-NH,-AuNPs thin films that was coated on a substrate was inves-
tigated using an atomic force microscope (AFM, Ben-Yuan, CSPM
4000) in tapping mode. Impedance of a sensor as a function of RH
was measured with an LCR meter (Philips PM6306) in a test cham-
ber under the conditions of a measurement frequency of 1kHz,
an applied voltage of 1V, an ambient temperature of 25°C. A fre-
quency range of 50Hz to 100kHz, an RH range from 30 to 90%
at 25°C and an applied voltage of 1V were used in the complex
impedance analysis. As shown in Fig. 2, a divided humidity gener-
ator was used for producing the testing gases using of mass flow
controllers (Hastings), as described elsewhere [23]. The required
humidity was produced by adjusting the proportion of dry and
humid air generated by the divided flow humidity generator under
a total flow rate is 10 L/min. The setting humidity and temperature
points were calibrated by using a standard hygrometer (Rotronic
Inc) with an accuracy of +0.1%RH which was pre-calibrated in

@_

gooo

d

Fig. 2. Schematic plot of the impedance measurement of sensors and the humidity atmosphere controller. (a) Molecular sieve and desiccating agent; (b) water; (c) mass
flow controller; (d) controlled temperature detection chamber; (e) humidity sensor; (f) hygrometer; (g) LCZ meter; and (h) PC.
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Fig. 3. UV-vis absorption spectra of (a) G1-NH,-HAuCly solution; (b) G1-NH,-
AuNPs with 20 mg/mL added HAuCly; and (c) G1-NH;-AuNPs with 50 mg/mL added
HAuCly.

the National Measurement Laboratory (NML) humidity laboratory.
Flexibility experiments were performed in which the sensor was
bent to various degrees as their responses were monitored as a
function of the period of exposure to humidity. The bending angle
was measured using a goniometer.

3. Results and discussion
3.1. Characteristics of G1-NH,-AuNPs

Fig. 3 shows the UV-vis absorption of G1-NH,-encapsulated
AuNPs. The G1-NH;-HAuCly solution had a ligand-metal charge-
transfer band at 300 nm (curve a). Curves b and c are the absorption
spectra of the after reduction of the G1-NH,-HAuCl, solution using
20 and 50 mg/mL added HAuCly, respectively. Both curves b and c
are higher at higher wavelengths, resulting from the inter-band
transition of the encapsulated AuNPs. The absorption band of
curve ¢ (560nm) was longer and broader than that of curve b
(524 nm). Ghost and Pal pointed out that the absorption band of
AuNPs was red-shifted as the size of the AuNPs increased or the
AuNPs aggregated [24]. Therefore, the above result is attributable
to the enlargement or aggregation of AuNPs upon the addition
of 50 mg/mL of HAuCly. When more than 50 mg/mL HAuCl4 was
added, encapsulated AuNPs clearly precipitated out of G1-NH,-
AuNPs solution.

3.2. Surface microstructure of G1-NH,-AuNPs film

The surface morphology of the G1-NH,-AuNPs films with var-
ious amount of added HAuCl, was analyzed using tapping mode
AFM. Fig. 4(a) and (b) presents the surface images of the G1-
NH,-AuNPs films with addition of 20 and 50 mg/mL HAuCly,
respectively. The formation of AuNPs that were encapsulated in G1-
NH, and some free AuNPs were found on the film (Fig. 4(a) and (b)).
The data of the root mean square (RMS) roughness of the G1-NH;-
AuNPs film (11.5 nm) with addition of 50 mg/mL HAuCl, was higher
than that of the film (7.3 nm) with addition of 20 mg/mL HAuCly.
Additionally, obvious aggregation of AuNPs occurred on the G1-
NH,-AuNPs film with addition of 50 mg/mL of HAuCl4 (Fig. 4(b)).

3.3. Flexibility and humidity sensing properties of G1-NH,-AuNPs
films

The effect of adding AuNPs on the electrical response of G1-
NH,-AuNPs films was measured at various relative humidities.
The measurements were made at 25°C using an AC voltage of
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Fig. 4. AFM images of G1-NH,-AuNPs film (a) with 20 mg/mL added HAuCls; and
(b) with 50 mg/mL added HAuCl,.

1V, at 1kHz. These results are plotted in Fig. 5. G1-NH; film
exhibited an impedance change in the range 70-90%RH, and
almost no impedance change occurred in the range of 30-70%RH.
PAMAM dendrimers are highly branched well-defined three-
dimensional macromolecules with hydrophilic terminal functional
groups (—NH,) and hydrophobic interior layers at the core. There-
fore, ion conduction in the G1-NH; film occurs mainly at the
outermost layer, and the number of mobile ions in the internal
layers was very small, so the impedance of the G1-NH, film in
the range 30-70%RH was high. When the G1-NH; was doped with
AuNPs, the impedance of the G1-NH;,-AuNPs film was markedly
reduced over a wide range of RH. Additionally, the impedance of the
G1-NH,-AuNPs film with 50 mg/mL added HAuCl, was decreased
over a wider range of RH (30-90%RH) than was that of the film with
20 mg/mL added HAuCly, suggesting that the former had the high-
est sensitivity and the best linear response curve. These results are
attributed to the fact that AuNPs in the G1-NH;-AuNPs film had
an important role, as a conducting wire, in facilitating the trans-
fer of charge carriers [19,21]. Therefore, the G1-NH;-AuNPs film
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Fig. 5. Impedance versus relative humidity for G1-NH; and G1-NH;-AuNPs films,
measured at 1kHz, 1V and 25°C.

with 50 mg/mL added HAuCl, was further tested to evaluate its
flexibility and humidity-sensing characteristics.

The flexibility characteristics of the G1-NH,-AuNPs film as
humidity sensor are shown in Fig. 6. The sensor response
(S) was calculated, according to S=(logZsoxru — 10 Zsoxru)/
IOgZ30%RH x 100%, (AZ/lOgZ30%RH X 100%), where Z30%RH and Z60%RH
are the impedance of the transparent humidity sensor at 30
and 60%RH, respectively. At each bending angle, the sensor was
exposed to 60%RH. The sensor response deviation (D) was calcu-
lated, according to D= (S —Sp,)/S¢ x 100%, where S¢ and S;, are the
response of the flexible humidity sensor at flat and bending, respec-
tively. When the sensor was bent downward at an angle of up to 60°,
the response deviation was within <2%. These results indicate that
even under an applied stress, the sensor was sufficiently flexible
and exhibited good electrical performance when it was bent.

Fig. 7 shows the log-impedance of the flexible humidity sen-
sor as a function of RH. The measurements were made at 25°C
using an AC voltage of 1V, at 1kHz. The open symbols in figure
represent measurements during desiccation, while solid sym-
bols are for humidification. The impedance changed from 106
to 10 Q and the curves reveal satisfactorily linear relationship
(Y=-0.045X+7.866; R? =0.9693) between log-impedance and RH
in the range 30-90%RH. However, almost no impedance changed
in the range of 10-30%RH (shown in the inset). The hysteresis
(between humidification and desiccation, measured over an RH
range of 30-90%RH) was less than 2%RH.

Fig. 8 shows the log-impedance of the flexible sensor as a
function of measurement frequency at various RH values. The
measurements were made at 25°C using an AC voltage of 1V.
The frequency clearly affected the humidity-dependence of the
impedance of the flexible sensor. The impedance decreased as the
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Fig. 6. Flexible characteristics of G1-NH;-AuNPs film with 50 mg/mL added HAuCl,.
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Fig. 7. Impedance versus relative humidity for G1-NH,-AuNPs film with 50 mg/mL
added HAuCly, measured at 1 kHz, 1V and 25°C.
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Fig. 8. Impedance versus relative humidity for G1-NH-AuNPs film with 50 mg/mL
added HAuCly at various frequencies.

frequency increased, and the curve of impedance was most linear
at 1 kHz. The log-impedance was almost flat above 11 kHz. At a very
high frequency, the direction of the electrical field changed rapidly,
and the change in the orientation of the adsorbed water could not
keep up with this change. Therefore, the dielectric character was
weak and independent of RH [25].

The log-impedance of the flexible humidity sensor was depen-
dent on the ambient temperatures, as shown in Fig. 9. As the
temperature increased, the RH characteristic curve shifted toward
lower impedance. The mean temperature coefficient at 15-35°C
was —0.55%RH/°C over the humidity range 30-90%RH.

The response-recovery property of the flexible humidity sensor
was measured at 25 °Cand 1 kHz and shown in Fig. 10. The response
time (Ties95%) is defined as the time required for the impedance
of the sensor to change by 95% of the maximum change follow-
ing humidification from 20 to 85%RH. The recovery time (T;ec.95%)
is defined as the time required for the sensor to recover 95% of
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Fig. 9. Impedance versus relative humidity for G1-NH;-AuNPs film with 50 mg/mL
added HAuCl, at various temperatures, measured at 1V and 1kHz.
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Table 1
Flexible humidity sensor performance of this work compared with the literatures.
Sensing material Working range (%RH) Sensitivity (log Z/%RH)? Hysteresis (%RH) Response time (s) References
PAMAM-AuNPs 30-90 0.045 <2 40 This work
PMMA/PMAPTAC 30-90 0.033 <6 45 [12]
TiO, NPs/PPy/PMAPTAC 30-90 0.065 <2 30 [14]
PAMPS doped salts 20-90 0.026 <8 60 [15]

2 The sensitivity shown as the slope of the sensing curve in the working range.

25 %RH desiccation

87 %RH
90 %RH

log-impedance (ohm)
W

ar humidification
3 1 1 1
0 20 40 60 80
Time (s)

Fig.10. Response-recovery properties of G1-NH,-AuNPs film with 50 mg/mLadded
HAuCly, measured at 1V, 1 kHz and 25°C.

the maximum change in impedance after desiccation from 90 to
20%RH. The response time (T;es.95%) and recovery (Trecgs%) time of
the sensor were 40 and 50, respectively. The long-term stability
is shown in Fig. 11. The flexible sensor impedance did not signif-
icantly vary for at least 39 days at the tested RH values of 30, 60,
and 90%RH. The humidity-sensing properties of the present flexible
humidity sensor were compared with our earlier studies [12,14,15]
in Table 1.

3.4. Sensing mechanism of G1-NH,-AuNPs film

Impedance spectroscopy is a powerful method for elucidating
the conduction mechanisms of humidity sensors. Therefore, the
obtained impedance plots were utilized to elucidate the transport
of ions as a mechanism of conduction in the G1-NH,-AuNPs film.
The complex impedance spectra of the G1-NH,-AuNPs film at
various humidities are shown in Fig. 12. The impedance measure-
ments were made in a frequency range from 50 Hz to 100 kHz and
humidities from 30 to 90%RH, an AC voltage of 1V and 25 °C. At low
RH (30%RH), a semicircular plot of film impedance was obtained.
The semicircle plot of the impedance have been explained by
many authors [26-28], resulting mainly from the impedance of
the G1-NH,-AuNPs film, and the film could be modeled as an

7
6l
=
)
3
g 5 F ‘——/‘—/_—-‘—’_-‘\‘_’_-‘
s}
(5]
o
'54 | ’/_A_/I—/—'\—.—.
o0
2

3 1 1 1 1

0 10 20 30 40 50

Days

Fig. 11. Long-term stability of G1-NH,-AuNPs film with 50 mg/mL added HAuCly,
measured at 1V, 1kHz and 25°C. 30%RH (¢); 60%RH (a) and 90%RH (m).

equivalent parallel circuit that incorporates a resistor and a capac-
itor. As RH increased to 60%RH, a semicircle (at high frequencies)
connected with a straight line (at low frequency) was observed.
The G1-NH,-AuNPs film absorbed more water molecules so that
the small film impedance was observed and the semicircle was
small. Moreover, RH increased to very high (90%RH), the semicircle
was invisible and only a straight line was observed. The straight
line at low frequencies was caused by the diffusion of ions (H30*)
across the interface between the electrode and the G1-NH,-AuNPs
film. Therefore, these results suggest that the sensing mechanism
of the G1-NH,-AuNPs film was ionic conductivity.
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Fig. 12. Complex impedance plots of G1-NH;-AuNPs film with 50 mg/mL added
HAuCly at (a) 30%RH; (b) 60%RH; and (c) 90%RH.
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4. Conclusions

The flexible impedance-type humidity sensor based on G1-NH,
film had a small working range of humidity (70-90%RH) because of
the low ion mobility through the interlayer of the G1-NH; at low
humidity (<70%RH). Doping the G1-NH, film with AuNPs, greatly
improved the humidity sensing properties of the sensor because
that the introduction of AuNPs effectively increased the conduc-
tance of the G1-NH,-AuNPs film at low RH.

The flexible impedance-type humidity sensor that was based
on G1-NH;-AuNPs film had a wide working range of humidity
(30-90%RH), a high sensitivity, an acceptable linearity, a small hys-
teresis, high flexibility, a fast response time, a weak dependence
on temperature and good long-term stability. The frequency-
dependence of the impedance was stronger at lower RH. The plots
of the complex impedance of the G1-NH,-AuNPs film in different
RH showed that the curves changed from semicircular to linear as
RH increased. These results reflect the contribution of ions to the
conductivity of G1-NH,-AuNPs film.
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