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ABSTRACT

Novel flexible impedance-type humidity sensors that were based on gold nanoparticles (AuNPs) and
graphene oxide (GO) were fabricated by a combination of self-assembly and the sol-gel technique. A
hydrolyzed 3-mercaptopropyltrimethoxysilane (MPTMOS) sol-gel solution that contained GO was firstly
dropped on to the surface of a pair of comb-like Au electrodes on a polyethylene terephthalate (PET) sub-
strate, and then AuNPs were assembled onto the thiol groups of the sol-gel network. The formed AuNPs
were characterized by UV-vis spectroscopy. The microstructure of the AuNPs/GO/MPTMOS sol-gel film
was analyzed by atomic force microscope (AFM) and scanning electron microscopy (SEM). The effects
of the AuNPs and the amount of GO added on the flexibility, electrical and humidity sensing proper-
ties of the AuNPs/GO/MPTMOS sol-gel films on a PET substrate were investigated. The sensor that was
made from the AuNPs/GO/MPTMOS sol-gel film with 9.0 wt% added GO exhibited the greatest flexibil-
ity, sensitivity, linearity and long-term stability. The effects of applied frequency, ambient temperature,
response and recovery times on the impedance of the flexible humidity sensor were also investigated. The
sensing mechanism of the AuNPs/GO/MPTMOS sol-gel film was explained with reference to impedance

plots.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Today, flexible electronic devices are attracting much interest,
owing to the proliferation of handheld portable consumer elec-
tronics. A new trend towards the direct integration of sensors
on flexible systems with various functions has become evident.
For multifunction applications, flexible multisensor platforms
should be manufactured at very low-cost, low energy consump-
tion, easy-fabrication and integrated into smart systems. Inorganic
nanomaterials are more attractive than flexible organic electronic
sensors for the development of flexible chemical sensors because
they can be prepared under ambient conditions and they exhibit
high carrier mobility, tunable porosity, high thermal stability and
high chemical inertness [1,2].

The sol-gel process is a low-temperature method for the prepa-
ration of a three-dimensional network of inorganic materials that
involves the hydrolysis and condensation of silicon alkoxides
precursors [1,3-5]. Self-assembly has become a popular surface
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derivatization method for preparing modified surfaces with desired
properties because of its simplicity, low-cost, low temperature of
deposition, and the controllable thickness (from nanometers to
micrometers), high degree of organization and homogeneity of the
prepared product [4,6,7]. Therefore, the sol-gel process and self-
assembly can be combined to provide a fast, simple and more
effective method for fabricating biosensors [ 1,8,9]. Liang et al. fabri-
cated a hepatitis B surface antigen (HBsAg) immunosensor that was
made by the self-assembly of gold nanoparticles and hepatitis B
surface antibody (HBsAb) on a 3-mercaptopropyltrimethoxysilane
(MPTMOS) sol-gel network-modified gold electrode [1]. Norooz-
ifar et al. fabricated an electrochemical cyanide sensor that was
made by the self-assembly of Ag nanoparticles (AgNPs) on an
MPTMOS sol-gel network-modified gold electrode [8]. Wu et al.
fabricated an amperometric acetylcholine biosensor by the self-
assembly of Au nanoparticles (AuNPs) and acetylcholinesterase
on the sol-gel/multi-walled carbon nanotubes/choline oxidase
composite-modified platinum electrode [9]. Notably, in these stud-
ies, sol-gel-derived inorganic materials were deposited on rigid
substrates.

AuNPs have attracted much interest because of their attrac-
tive electronic and unique optical, thermal and physical properties,
their large surface area, their catalytic activity and their potential
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usefulness in chemical sensors and biosensors [10]. Additionally,
graphene is crucial to many sensing devices owing to its high
mechanical strength, flexibility, surface area, carrier mobility and
electron transfer at room temperature, as well as its low manufac-
turing cost [11-13]. The oxidation of graphite using strongly acidic
oxidants [14] yields graphene oxide (GO) with hydroxyl and epox-
ide functional groups on their basal planes and carboxyl groups
at the sheet edges [15]. These groups are responsible for the high
hydrophilicity and electrical insulation of GO. This GO, which can be
reduced using various reductants such as hydrazine, sodium boro-
hydride and ascorbic acid [16-18], greatly increasing the electrical
conductivity of the reduced GO [19,20].

Humidity sensors are widely used in measurement and control
of humidity in human comfort and a myriad of industrial processes.
Therefore, there has been increasing the important of accurate,
precise measurement of humidity. Additionally, designing a high-
performance humidity sensor must meet many requirements,
including linear response, high sensitivity, fast response time,
chemical and physical stability, wide operating range of humidity
and low cost. Recently, many groups have used GO and reduced GO
sensing materials to detect humidity [21-24]. Yao et al. fabricated
a humidity sensor by spin-coating chemically derived graphene
oxide on a quartz crystal microbalance (QCM) [21]. Sun et al. fabri-
cated a flexible humidity sensor by spin-coating GO film on PET
substrate and then reducing the GO film using two-beam-laser
interference (TBLI) [22]. Zeng et al. fabricated a humidity sen-
sor by drop-coating defective graphene on alumina substrate [23].
Chen et al. fabricated a stress-type humidity sensor that was based
on a graphene oxide-silicon bi-layer flexible structure [24]. How-
ever, no attempt has been made to fabricate flexible humidity
sensors that are based on hydrolyzed three-dimensional sol-gel
network inorganic materials. In this work, AuNPs/GO/MPTMOS
sol-gel films are fabricated on a polyethylene terephthalate (PET)
substrate to form flexible impedance-type humidity sensors by
combining the sol-gel process and self-assembly. The films were
characterized by atomic force microscopy (AFM), scanning electron
microscopy (SEM) and UV-Vis spectrophotometer. The electri-
cal characteristics of the AuNPs/GO/MPTMOS sol-gel films were
studied as functions of RH. The effects of the AuNPs and the
amount of GO added in the AuNPs/GO/MPTMOS sol-gel film on its
electrical and humidity-sensing properties were 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 investi-
gated. Complex impedance spectra were obtained to elucidate the
humidity-sensing mechanism of the AuNPs/GO/MPTMOS sol-gel
film.

2. Experimental
2.1. Materials

The GO used in this work was prepared using Hummers method
[14]. The purified GO was then dispersed in deionized water to
form a 0.85mg/mL suspension. Exfoliation of GO was achieved
by using an ultrasonic bath. (3-mercaptopropyl)trimethoxy silane
(MPTMOS, 95%), ethanol (99.8%) and hydrochloric acid (0.1 mol/L)
were obtained from Aldrich. Sodium citrate was obtained from Shi-
makyu’s Pure Chemicals. Hydrogen tetrachloroaurate(Ill) hydrate
(HAuCly-xH, 0, 99.9%) was obtained from UniRegion Bio-Tech. All
reagents used were analytical grade. All used deionized water
(DIW) was prepared using a Milli-Q Millipore (Bedford, MA,
USA) purification system, and the resistivity of water was above
18.0MQcm1.

2.2. Preparation of MPTMOS sol

Aqueous silica sol was prepared using the method in the liter-
ature [4]. Silica sol was prepared by mixing 1 mL MPTMOS, 0.8 mL
ethanol, 4 mL water and 0.2 mL hydrochloric acid, and then sonicat-
ing this mixture for 30 min until a clear and homogeneous solution
was obtained. This solution was stored at room temperature for
2-3h.

2.3. Preparation of AuNPs

AuNPs was prepared using the method in the literature [25].
The AuNPs colloidal particles were prepared by adding 38.8 mM
sodium citrate to boiling aqueous 1 mM HAuCl,. The solution was
boiled for 15 min with vigorous stirring, and then allowed to cool
to room temperature, before being stored at 4°C.

2.4. Fabrication of flexible humidity sensors

Fig. 1 schematically depicts the structure of the flexible humid-
ity sensor. The interdigited Au electrodes were made on a flexible
substrate (polyethylene terephthalate; PET) by sputtering initially
Cr (thickness 50nm) and then Au (thickness 250 nm) in a tem-
perature range of 120-160 °C. The electrode gap was 0.2 mm. The
substrates were firstly treated with an H,0,/H,S0O4 mixture (1:2,
15mL), washed in de-ionized water (DIW) and then cleaned in
acetone solution for 3 min. Fig. 2 schematically depicts the fab-
rication of a flexible impedance-type humidity sensor using the
sol-gel process, nanoparticles and self-assembly. First, a homoge-
neous stock GO/MPTMOS sol solution was prepared by carefully
mixing 2 mL MPTMOS sol with the required amount of GO. Then,
the fresh mixture was dropped on the PET substrate that contained
a pair of interdigited Au electrodes, and allowed to dry at 4°C.
Finally, the GO/MPTMOS sol-gel was immersed in AuNPs solution
for 5h at4°C. A flexible impedance-type humidity sensor was thus
obtained.

2.5. Instruments and analysis

The formation of AuNPs was characterized by UV-Vis spec-
troscopy (Agilent 8453). The surface microstructure of the thin
film that was coated on a PET substrate was investigated using
a field emission scanning electron microscope (FEI company,
Nova NanoSEM™ 230) equipped with an energy dispersive
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Fig. 1. Structure of humidity sensor.



P.-G. Su et al. / Sensors and Actuators B 216 (2015) 467-475 469

Fig. 2. Hydrolysis of MPTMOS and the fabrication of the flexible humidity sensor based on AuNPs/GO/MPTMOS sol-gel nano-hybride film by combining the sol-gel,

nanoparticles and self-assembly technologies.

spectrometer (EDS) and an atomic force microscope (AFM,
Ben-Yuan, CSPM 4000) in tapping mode which the horizontal

and vertical resolution are 0.26 and 0.10 nm, respectively. The
impedance of the sensor was measured as a function of RH using an
LCR meter (Philips PM6306) in a test chamber under the conditions
of a measurement frequency of 1 kHz, an applied voltage of 1V, an
ambient temperature of 25 °C. A frequency range of 50 Hz-100 kHz,
an RH range from 20 to 90% at 25°C and an applied voltage of 1V
were used in the complex impedance analysis. As shown in Fig. 3,
a divided humidity generator was used as the principal facility for
producing the testing gases. 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 model of two mass flow controller’s (Hastings) and flow display
power-supply used is the Protec PC-540 manufactured by Sierra
Instruments Inc, as described elsewhere [26]. The RH values were
measured using a calibrated hygrometer (Rotronic) with an accu-
racy of +£0.1% RH. 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. Preparation and characterization of AuNPs/GO/MPTMOS
sol-gel films

Fig. 2 shows the process of fabrication of the flexible impedance-
type humidity sensor that is based on the AuNPs/GO/MPTMOS
sol-gel film. The MPTMOS sol contains two reactive functional
groups, which were the trimethoxysilane head group and the thiol
tail [27]. The trimethoxysilane head group can undergo hydrolysis
and a condensation reaction to form a covalently linked siloxane
network, which can be used to for encapsulate of MWCNTSs. The
thiol tail not only can be used to chemisorb onto the Au electrode
surface but also can be used in the assembly of AuNPs by the forma-
tion of an Au-S bond. The AuNPs can be self-assembled both inside
the network and on the surface of the MPTMOS sol-gel. AuNPs
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Fig. 3. Schematically plots 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; (h) PC.
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can act as tiny conduction centers and can facilitate the transfer
of electrons [28].

3.1.1. Characteristics of as-prepared AuNPs and
AuNPs/GO/MPTMOS sol-gel

Fig. 4 shows the UV-vis absorption spectra of as-prepared
AuNPs and GO/MPTMOS sol-gel-encapsulated AuNPs. The absorp-
tion band of as-prepared AuNPs was obtained at about 520 nm.
The absorption band of GO/MPTMOS sol-gel-encapsulated AuNPs
(678 nm) was longer and broader than that of as-prepared AuNPs
because that the AuNPs aggregated in the AuNPs/GO/MPTMOS
sol-gel [29,30].

3.1.2. AFM and SEM analyses of microstructure of surface

The surface morphologies of the MPTMOS sol-gel, GO/MPTMOS
sol-gel and AuNPs/GO/MPTMOS sol-gel films were investigated by
AFM. Fig. 5 shows the AFM of the MPTMOS sol-gel, GO/MPTMOS
sol-gel and AuNPs/GO/MPTMOS sol-gel on PET substrates. The
root mean square (RMS) roughness of the MPTMOS sol-gel,
GO/MPTMOS sol-gel and AuNPs/GO/MPTMOS sol-gel films was
1.27, 35.9 and 24.6nm, respectively. The MPTMOS sol-gel film
had a smooth surface because acid-catalyzed hydrolysis tends to
yield many branched sols, which effectively support the cohe-
sion of the film on a PET substrate [31] (Fig. 5(a)). The surfaces
of both GO/MPTMOS sol-gel (Fig. 5(b)) and AuNPs/GO/MPTMOS
sol-gel (Fig. 5(c)) were rougher than that of MPTMOS sol-gel.
The GO/MPTMOS sol-gel exhibited a rough surface because the
GO was immobilized in the MPTMOS sol-gel (Fig. 5(b)). Many
bright particles clearly self-assembled on the outer surfaces of the
AuNPs/GO/MPTMOS sol-gel film (Fig. 5(c)). FE-SEM images in Fig. 6
further reveal the surface morphologies of the GO/MPTMOS sol-gel
and AuNPs/GO/MPTMOS sol-gel films. The 1.0 wt% GO/MPTMOS
sol-gel film (Fig. 6(a)) exhibited a flat surface, and GO was incorpo-
rated into the 1.0 wt% GO/MPTMOS sol-gel film. When the amount
of added GO was 9.0 wt¥%, the surface had an observed flakelike
and wrinkled morphology (Fig. 6(b)). The high-magnification SEM
image (inset in Fig. 6(b)) reveals that obviously naked GO was
present on the surface of the 9.0 wt% GO/MPTMOS sol-gel film. The
AuNPs/9.0 wt% GO/MPTMOS sol-gel film (Fig. 6(d)) had more par-
ticulate agglomerates than that of the AuNPs/1.0 wt% GO/MPTMOS
sol-gel film (Fig. 6(c)). The high-magnification SEM image (inset in
Fig. 6(d)) reveals obviously aggregated particles. The composition
of the particles was determined by EDS, which yielded a spectrum
that is presented in Fig. 6(e). The EDS analysis demonstrated that
the AuNPs were surely self-assembled on GO/MPTMOS sol-gel film.
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Fig. 4. UV-vis absorption spectra of (a) as-prepared AuNPs and (b)
AuNPs/GO/MPTMOS sol-gel.

Fig. 5. AFM images of (a) MPTMOS sol-gel, (b) 9.0 wt% GO/MPTMOS sol-gel and (c)
AuNPs/9.0 wt% GO/MPTMOS sol-gel films on PET substrate.

3.2. Electrical and humidity-sensing properties of flexible
humidity sensors made of AuNPs/GO/MPTMOS sol-gel films

Fig. 7 plots the impedance of the MPTMOS sol-gel, 1.0 wt%
GO/MPTMOS sol-gel, AuNPs/1.0wt% GO/MPTMOS sol-gel and
AuNPs/9.0 wt% GO/MPTMOS sol-gel films as functions of relative
humidity, and Table 1 summarizes the results concerning sensi-
tivity (defined as the slope of the logarithmic impedance (logZz)
versus %RH) and linearity (a correlation coefficient that is defined
as the R-squared value of the linear fitting curve from 20 to
90% RH). The measurements were made at 25°C, an AC volt-
age of 1V, and a frequency of 1kHz. The MPTMOS sol-gel film
exhibited only a small change in impedance over the humidity
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Fig. 6. FE-SEM images of (a) 1.0 wt% GO/MPTMOS sol-gel, (b) 9.0 wt% GO/MPTMOS sol-gel, (c) AuNPs/1.0 wt% GO/MPTMOS sol-gel, (d) AuNPs/9.0 wt% GO/MPTMOS sol-gel
films on PET substrate and (e) EDS spectra of AuNPS assembled on the surface of AuNPs/9.0 wt% GO/MPTMOS sol-gel film.

range studied, undoubtedly owing to its hydrophobic property.
The impedance of the 1.0 wt% GO/MPTMOS sol-gel film decreased
over a wider range of RH (60-90%RH) than did that of the MPT-
MOS sol-gel film, suggesting that the high hydrophilicity of GO
improved the sensitivity of the response. The impedance of the
1.0wt% GO/MPTMOS sol-gel film was higher than that of the
MPTMOS sol-gel film because GO was an electrical insulator.
The impedance of AuNPs/GO/MPTMOS sol-gel film was lower
than that of the GO/MPTMOS sol-gel film because the aggregated
AuNPs formed a new conductive path. Moreover, the impedance
of the AuNPs/9.0wt% GO/MPTMOS sol-gel film was lower than
that of the AuNPs/1.0wt% GO/MPTMOS sol-gel film because as
the doping increased and more AuNPs assembled on the naked
GO, the conductive path became larger, improving conductivity.
The impedance of both AuNPs/1.0wt% GO/MPTMOS sol-gel and

AuNPs/9.0 wt% GO/MPTMOS sol-gel films decreased as the humid-
ity increased in the range 20-90% RH, suggesting higher sensitivity,
and improved linearity of the response curve (Table 1). There-
fore, both AuNPs/1.0 wt% GO/MPTMOS sol-gel and AuNPs/9.0 wt%
GO/MPTMOS sol-gel films were further tested to evaluate their
flexibility and stability.

Fig. 8 plots the flexibility-related characteristics of the MPT-
MOS sol-gel, 9.0wt% GO/MPTMOS sol-gel and AuNPs/9.0 wt%
GO/MPTMOS sol-gel films that were used as humidity sensors. At
each bending angle, the sensor was exposed to 60% RH. The devi-
ation (D) of the impedance of the sensors was calculated using
the formula D =(log Zgoy rH, £ — 108 Z60x RH, b)/108 Z60% RH. £ X 100%),
where log Zgoy ru, f and logZgoy ry, p represent the impedance
of the flat and bent flexible humidity sensor at 60% RH, respec-
tively. As described in Section 3.1, the GO was embedded and
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0: MPTMOS sol-gel
m: 1.0 wt% GO/MPTMOS sol-gel

A: AuNPs/1.0 wt% GO/MPTMOS sol-gel
4: AuNPs/9.0 wt% GO/MPTMOS sol-gel

Logarithmic impedance: log (Z/ohm)
~

0 20 40 60 80 100
RH (%)

Fig. 7. Impedance versus relative humidity for flexible humidity sensors that
were made of MPTMOS sol-gel, 1.0wt% GO/MPTMOS sol-gel, AuNPs/1.0 wt%
GO/MPTMOS sol-gel and AuNPs/9.0 wt% GO/MPTMOS sol-gel films.

Table 1
Sensitivity and linearity of humidity sensors that were made of MPTMOS sol-gel,
GO/MPTMOS sol-gel and AuNPs/GO/MPTMOS sol-gel films.

Materials Sensing curve

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

MPTMOS sol-gel -0.0118 0.9238
1.0 wt% GO/MPTMOS —0.0229 0.8601
sol-gel

AuNPs/1.0 wt% -0.0222 0.9907
GO/MPTMOS sol-gel

AuNPs/9 wt% —0.0281 0.9961

GO/MPTMOS sol-gel

3 Sensitivity was defined as the slope of the logarithmic impedance versus relative
humidity plot in the range 20-90% RH.

b Linearity was shown as the correlation coefficient of the logarithmic impedance
versus relative humidity plot in the range 20-90% RH.

dispersed in the GO/MPTMOS sol-gel film, and MPTMOS sol-gel
wrapping GO was observed. This phenomenon reveals the exist-
ence of a strong interface between the GO and the MPTMOS
sol-gel matrix. Graphene is known to be highly flexible. There-
fore, the 9.0 wt% GO/MPTMOS sol-gel film was more flexible than
was the MPTMOS sol-gel film. The assembly of AuNPs on the
9.0wt% GO/MPTMOS sol-gel film did not obviously decrease its
flexibility. Fig. 9 plots the effect of the amount of added GO on
the long-term stability of the AuNPs/GO/MPTMOS sol-gel film. The
AuNPs/9.0 wt% GO/MPTMOS sol-gel film was more stable than was
the AuNPs/1.0 wt% GO/MPTMOS sol-gel film. The flexible humidity
sensor that was made of AuNPs/9.0 wt% GO/MPTMOS sol-gel film
exhibited the highest sensitivity (0.0281 log Z/%RH), good linearity

25
~ 0
S 20
=}
g
=15
%
=]
g 10
'Q%j m: MPTMOS sol-gel
[=9
R 4:9.0 wt% GO/MPTMOS sol-gel
0 4: AuNPs/9.0 wt% GO/MPTMOS sol-gel
0 10 20 30 40 50

Bending angle (0)

Fig. 8. Flexibility of MPTMOS sol-gel, 9.0wt% GO/MPTMOS sol-gel and
AuNPs/9.0 wt% GO/MPTMOS sol-gel films on PET substrate, measured at 1V, 1kHz
and 25°C.

9

m: AuNPs/1.0 wt% GO/MPTMOS sol-gel
A: AuNPs/9.0 wt% GO/MPTMOS sol-gel

Solid: as-prepared
Hollow: after prepared 15 days

6 ”\D\GM

0 20 40 60 80 100
RH (%)

Logarithmic impedance: log (Z/ohm)
~

Fig. 9. Long-term stability of AuNPs/1.0wt% GO/MPTMOS sol-gel and
AuNPs/9.0wt% GO/MPTMOS sol-gel films on PET substrate, measured at 1V,
1kHz and 25°C.

Table 2
Effect of the thickness of the AuNPs/9 wt% GO/MPTMOS sol-gel on the humidity-
sensing and flexibility properties.

Thickness (jpm)

185 71.5 124.7
Sensitivity (log Z/%RH) -0.0198 -0.0281 —-0.0211
Linearity (R?) 0.9570 0.9961 0.9884
Hysteresis (%RH) 2.8 5 8.3
Response/recovery time (s) 93/102 119/125 163/185
Flexibility (%) 24.2 16.9 13.6

(R%2=0.9961), the greatest flexibility (within 16.9% at an angle of
up to 40°) and good stability, and so its humidity-sensing prop-
erties were investigated. Table 2 summarizes the effect of the
thickness of the AuNPs/9.0 wt% GO/MPTMOS sol-gel film on the
flexibility and humidity-sensing properties. The 71.5 pm thickness
of the AuNPs/9.0 wt% GO/MPTMOS sol-gel film exhibited high-
est sensitivity and best linearity. The hysteresis, flexibility and
response/recovery time of the AuNPs/1.0 wt% GO/MPTMOS sol-gel
film increased as the thickness of the AuNPs/1.0 wt% GO/MPTMOS
sol-gel film increased.

3.2.1. Humidity-sensing properties

Fig. 10 plots the log-impedance of the flexible humidity sen-
sor versus RH. The measurements were made at 25°C using
an ac voltage of 1V at 1kHz. The open symbols in the figure
represent measurements made during desiccation, while solid
symbols those made during humidification. In the range 20-90%
RH, the impedance changed from 107 to 10° Q and the curves
revealed a satisfactorily linear relationship (Y=-0.0281X+8.2721;
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Fig.10. Impedance versus relative humidity for AuNPs/9.0 wt% GO/MPTMOS sol-gel
film on a PET substrate, measured at 1V, 1kHz and 25°C.
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Logarithmic impedance: log (Z/ohm)
(=)} ~ <]
u
%

s L a:25C
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4 \ \ . \
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RH (%)

Fig.11. Impedance versus relative humidity for AuNPs/9.0 wt% GO/MPTMOS sol-gel
film on a PET substrate at various temperatures, measured at 1V and 1kHz.

¢: 1 kHz
A: 11 kHz
m: 100 kHz

Logarithmic impedance: log (Z/ohm)
(=)} -

0 20 40 60 80 100
RH (%)

Fig.12. Impedance versus relative humidity for AuNPs/9.0 wt% GO/MPTMOS sol-gel
film on a PET substrate at various frequencies, measured at 1V and 25°C.

R2=0.9961) between log-impedance and RH. The hysteresis
(between humidification and desiccation, measured over an RH
range of 20-90% RH) was less than 5.0% RH. Fig. 11 plots the
log-impedance of the humidity sensor versus temperature. As
the temperature increased, the RH characteristic curve shifted to
lower impedance. The mean temperature coefficient at 15-35°C
was within —1.6% RH/°C over the humidity range 20-90% RH.
Fig. 12 plots the log-impedance of the humidity sensor versus
measurement frequency at various RH values at a voltage of 1V.
The frequency clearly influenced the humidity-dependence of the
impedance of the humidity sensor. The impedance decreased as the
frequency increased, and the curve of impedance as a function of
RH was most linear at 1kHz. Fig. 13 plots the response and recov-
ery of the flexible humidity sensor that was measured at 25 °C and
1kHz. The response time (Tyes95%) is defined as the time required

(=)

15% RH
| 22% RH

desiccation

humidification

90% RH
5 1 1 1 1

0 50 100 150 200 250
Time (s)

Logarithmic impedance: log (Z/ohm)
~

Fig. 13. Response-recovery properties of AuNPs/9.0 wt% GO/MPTMOS sol-gel film
on a PET substrate, measured at 1V, 1kHz and 25°C.

Table 3
Flexible humidity sensor performance of this work compared with previous work.

This work Previous work [36]
Sensor PET PET
substrate
Sensing AuNPs/9.0 wt% Poly-MMA-MAPTAC
material GO/MPTMOS sol-gel
Fabrication Self-assembly combining LBL and peptide chemistry
method with sol-gel techniques protocol
Working 20-90% RH 20-90% RH
range
Sensitivity —0.0281 log Z/%RH —0.0258 log Z/%RH
Linearity 0.9961 0.9910
Hysteresis 5% RH 2% RH
Flexibility 16.9% 0.2%

for the impedance of the sensor to change by 95% of the maximum
change following humidification from 22 to 90% RH. The recov-
ery time (Tec.95%) is defined as the time required for the sensor to
recover 95% of the maximum change in impedance after desicca-
tion from 85 to 15% RH. The response time (T;es95%) and recovery
(Trec.95%) time of the sensor were 119 and 125 s, respectively. The
present flexible humidity sensor was compared with that of the
sensor that was made of copolymer sensing material as shown in
Table 3.

3.3. Sensing mechanism of humidity sensor made of
AuNPs/9.0 wt% GO/MPTMOS sol-gel film

Impedance spectroscopy is a powerful method for elucidating
the conduction mechanisms of humidity sensors. Therefore, the
obtained impedance plots (Fig. 14) were used to elucidate the trans-
port of ions as the mechanism of conduction in the AuNPs/9.0 wt%
GO/MPTMOS sol-gel film on PET substrate. The complex impedance
spectra of the AuNPs/9.0 wt% GO/MPTMOS sol-gel film at 30 and
80% RH are shown in Fig. 14. The impedance measurements were
made at frequencies from 50 Hz to 100 kHz, humidities at 30 and
80% RH, an AC voltage of 1V and a temperature of 25 °C. At low RH
(30% RH), a semicircular plot of film impedance was obtained. As
the relative humidity increased to 80% RH, the value of impedance
decreased and the semicircular partly disappeared. The shrinking
semicircle (at high frequencies) connected with a straight line (at
low frequencies). An equivalent circuit of such complex impedance
plots is shown in Fig. 14(c). At low relative humidity (<30% RH), the
semicircle was modeled as an equivalent circuit of parallel asso-
ciation of resistor (R¢) and capacitor (Cs). At this time the amount
of water vapor adsorbed was little, the intrinsic electrons in the
AuNPs/9.0 wt% GO/MPTMOS sol-gel film mainly contribute to the
conduction. At high relative humidity, the complex impedance
plot was modeled as an equivalent circuit of the serial associa-
tion of resistor (Rf) and the impedance at the electrode/sensing
film (Z;). The plot of impedance entered two regions: a semicir-
cle (at high frequencies) indicated the intrinsic impedance of the
AuNPs/9.0 wt% GO/MPTMOS sol-gel film (R¢) and an inclined line
(at low frequencies) represented Warburg impedance (Z;), which
was caused by the diffusion of ions (protons (H30")) across the
interface between the electrode and the sensing film [32-35].
Therefore, firstly, upon the adsorption of water, a thin liquid layer
formed around the AuNPs/9.0 wt% GO/MPTMOS sol-gel film by cap-
illary condensation or swelling. The conductivity of the sensor was
mainly resulted from the intrinsic impedance of the AuNPs/9.0 wt%
GO/MPTMOS sol-gel film. Second, as the RH was further increased,
water molecules were physisorbed in multilayers on the surface of
the AuNPs/9.0 wt% GO/MPTMOS sol-gel film, forming H30* ions by
dissociation. Finally, at the highest RH, the sorbed water acted as
a plasticizer, increasing the mobility of the solvated ions (H30%),
which dominated the conduction in the sensor. Therefore, based
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Fig. 14. Complex impedance plots of AuNPs/9.0 wt% GO/MPTMOS sol-gel film on a
PET substrate at (a) 30% RH, (b) 80% RH, (c) equivalent circuit of the sensor.

on the complex impedance spectra, the sensing principle of the
AuNPs/9.0 wt% GO/MPTMOS sol-gel film was electron and ion con-
ductivity in low and high relative humidity, respectively.

4. Conclusions

The sol-gel process was combined with self-assembly to fabri-
cate a flexible impedance-type humidity sensor that was based on
AuNPs/GO/MPTMOS sol-gel film. Thiol-containing silica gel can be
anchored onto a gold electrode to form a three-dimensional net-
work, which provides stereo sites for the attachment of GO and
AuNPs. Introducing GO effectively increased the flexibility of the
AuNPs/GO/MPTMOS sol-gel film. The self-assembly of AuNPs on
the silica gel provided the conduction pathways improving the
conductivity, and thereby improving the sensitivity and linearity
of the sensing film. The flexible humidity sensor that was made
of AuNPs/9.0 wt% GO/MPTMOS sol-gel film exhibited good sensi-
tivity and acceptable linearity (Y=-0.0281X+8.271; R2=0.9961)

between logarithmic impedance (log Z) and RH in the range 20-90%
RH, low hysteresis (within 5.0% RH), high flexibility (D<16.9%), a
smaller temperature effect between 15 and 35°C (-1.6% RH/°C)
and good long-term stability. The response time and recovery time
of the sensor were 119 and 1255, respectively. The linearity of the
humidity sensor depended on the applied frequency. The plots of
the complex impedance of the AuNPs/GO/MPTMOS sol-gel film at
various RHs revealed changed from semicircular to a liner with
increasing RH. The electron exhibited the domination role in low
RH, whereas with increasing RH the ionic contribution became
prevalent.
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