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a  b  s  t  r  a  c  t

Defined  structure  and  water-resistance  are  two  important  requirements  for polymeric  humidity  sensors.
Most of polymer  electrolytes  applied  in  humidity  sensors  do not  bear  both  features  at  the  same  time.
Herein,  a novel  method  was  used  to  develop  stable  humidity  sensitive  polymer  electrolytes  with  defined
structures.  Nanoporous  polymers  based  on  1,4-divinylbenzene  (DVB)  and  methacrylatoethyl  trimethyl
ammonium  chloride  (DMC)  were  synthesized  by  free  radical  polymerization  with  a  solvothermal  route.
The cross-linked  structure  could  afford  good  stability  of  the polymers  even  at  high  humidity  levels.  The
impedance  module  of the  optimized  sensor  changed  more  than  three  orders  of magnitude  over the  whole
humidity range,  with  little  humidity  hysteresis  and  rapid  response.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Humidity sensors have attracted the attention of many
researchers in recent years [1,2]. Many different materials were
developed for humidity sensing, including ceramics [3–5], organic
polymers [1,2,6,7] and composites [8–10]. Resistive-type organic
polymeric humidity sensors are most attractive because of their
long-term stability, easy solution-processing and low cost. Sen-
sitive materials for polymeric humidity sensors are usually
amphiphilic polymers, however, the stability of polymeric humid-
ity sensors is not satisfactory because the polar groups may  result
in dissolution of the polymers under high relative humidity (RH)
ambience for long term operation, especially for dew condenses.

In order to solve the above problem, the chemical stability
of the sensitive polymers should be improved. The cross-linking
of the hydrophilic polymers coated on the sensor substrate has
been known to enhance the stability of polymeric resistive-type
humidity sensors under high humidities [11–13]. The cross-linking
method is effective, however, most of the works on humidity sen-
sors were based on a solid phase reaction of the polymers, thus
leading to uncontrollable structures of the cross-linked films and
un-reproducible sensors. Therefore, water-resistant polymer elec-
trolytes with definite chemical structures may  be the ideal model
for humidity sensors.
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Recently, we  have used hydrophobic and porous polymer
(PDVB) in association with humidity sensitive component (LiCl)
as a composite for the function of humidity sensing, and PDVB
was used as host material with almost no humidity sensitive prop-
erty itself [14]. Herein, novel organic porous polymer electrolytes
were synthesized by free radical polymerization with different
ratios of monomers through a solvothermal route. The polymers
possess good stability because of their cross-linked network struc-
tures, which could be adjusted by feed ratios and the structures of
monomers. Sensors with high sensitivity among the whole humid-
ity range were realized based on the obtained polymers, and the
sensing mechanism of the optimized sensor was researched.

2. Experimental

2.1. Synthesis of polymers

The polymers were synthesized by free radical polymeriza-
tion through a solvothermal route. The detailed procedure was
as follows (PDVB/DMC-33 as an example): 1.5 g of divinylbenzene
(DVB), 3.0 g of methacrylatoethyl trimethyl ammonium chloride
(DMC), 38.0 mg  of azodiisobutyronitrile (AIBN) and 30 mL  of N,N-
dimethylmethanamide (DMF) were put in an autoclave and treated
at 100 ◦C for 24 h. The autoclave was  then cooled down to room
temperature and a gel column was obtained. The gel was heated at
60 ◦C under vacuum to remove the solvent, and loose solid (4.0 g)
was obtained.
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2.2. Sensor preparation

The polymers were mixed with n-butanol to form a paste, then
the paste was dip-coated on a ceramic substrate (6 mm × 3 mm,
0.5 mm thick) with five pairs of Ag–Pd interdigitated electrodes
(electrodes width: 0.15 mm;  distance: 0.15 mm)  to form a sensing
film with the thickness of ∼100 �m,  as shown in Fig. 1a. The films
were dried under air at ∼20 ◦C for 12 h. Finally, the humidity sensors
were obtained after aging at 95% RH with an alternating current
(AC) of 1 V, 100 Hz for 24 h to improve their stability and durability.

2.3. Measurements

The IR spectra of polymers were obtained on a WQF-510A FTIR
spectrometer. Pore width distribution profiles of polymers were
obtained at 77 K on a Micromeritics Tri-star 3000 analyzer using
nitrogen. The morphologies of polymers were performed on a
JEOL JSM-6700F scanning electron microscopy (SEM). The electrical
responses of the sensors were measured at 1 V AC under differ-
ent RH with a ZL-5 intelligent LCR analyzer at ∼20 ◦C, as shown
in Fig. 1b. In order to measure the impedances of the sensors, at
least 10 sensors for each polymer were fabricated under the same
condition and their sensing properties were defined by repeatedly
results. The atmosphere of RH was produced by different saturated
salt solutions in their equilibrium states including LiCl for 11% RH,
MgCl2 for 33% RH, Mg(NO3)2 for 54% RH, NaCl for 75% RH, KCl for
85% RH, and KNO3 for 95% RH.

3. Results and discussion

Polymer electrolytes based on DVB and DMC  were synthe-
sized by free radical polymerization with a solvothermal route.
The synthetic routes to polymers are shown in Fig. 2. DVB and

DMC  are hydrophobic and hydrophilic monomers, respectively,
which could be used for constructing polymer electrolytes. The
two ethylenic bonds in single DVB molecule could afford hydropho-
bic cross-linked aromatic skeleton, which would be modified with
hydrophilic alkyl chains for stable polymer electrolytes. DMF  was
chosen as solvent because it could dissolve both monomers, which
afforded a homogeneous polymerization system. The feed ratio of
monomers could be used to tune the structures of the polymers, and
three polymers (PDVB/DMC-31, PDVB/DMC-33 and PDVB/DMC-
34) with different feed ratios (the molar ratio of DVB to DMC  is
3:1, 3:3 and 3:4 for PDVB/DMC-31, PDVB/DMC-33 and PDVB/DMC-
34, respectively) were synthesized under similar polymerization
condition. It should be noticed that a gel column was  obtained
after each polymerization, thus indicating a homogeneous poly-
merization of the vinyl monomers. The solvent (DMF) was removed
by heating under vacuum from the gel columns, and loose pow-
ers were then obtained. Therefore, by the cross-linking reaction
in homogeneous solutions, structure-defined polymer electrolytes
were synthesized. In addition, this kind of polymerization by
solvothermal method could also construct nanoporous polymers
[15]. A polymer with porosity is beneficial for humidity sensing,
since it is beneficial for the transport of water molecules in both
adsorption and desorption processes.

The FT-IR spectra of the obtained polymers are shown in Fig. 3.
The absorptions at ∼3021, 797 and 710 cm−1 are assigned to
the stretching of C H in the benzene ring. The absorptions at
∼1635 and 1479 cm−1 come from the aromatic C C stretching.
And the stretching of alkyl chain shows a strong vibrational peak
at ∼2938 cm−1. It should be noted that the strong absorptions
at ∼1728 and 1157 cm−1 contributed to the saturated ester and
the absorption at ∼950 cm−1 from the unique C N stretching of
quaternary ammonium also appear in the FT-IR spectra. Because
both of the saturated ester and quaternary ammonium come from

Fig. 1. (a) A schematic diagram of the humidity sensor and (b) the schematic image of the equipment for measurement.

Fig. 2. Synthetic routes to polymers PDVB/DMC-31, PDVB/DMC-33 and PDVB/DMC-34.
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