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ABSTRACT

Traditional ionic liquids are sensitive to humidity but with long response time and nonlinear response. Pure liquid-state ionic liquids
are usually hard for dehydration which have ultralong response time for humidity sensing. The immobilization of ionic liquids provide
a possible way for high performance humidity sensing. Hydrophobic materials and structures also promised faster response in
humidity sensing, because of easier desorption of water. In this work, we prepared flexible humidity sensitive composites based on
hydrophobic ionic liquid and polymer. The combination of hydrophobic ionic liquid with hydrophobic polymer realized linear
response, high sensitivity with low hysteresis to humidity. By adjusting the ratio of ionic liquid, not only the impedance but also the
hydrophobicity of composite could be modulated, which had a significant influence on the humidity sensing performance. The
morphology and microstructure of the material also affected its interaction with water molecules. Due to the diverse processing methods
of polymer, highly transparent film fabricated by spinning-coating and nanofibrous membrane fabricated by electrospinning could
be prepared and exhibited different response time, which could be used for different application scenarios. Especially, the fibrous
membrane made with electrospinning method showed an ultrafast response and could distinguish up to 120 Hz humidity change,
due to its fibrous structure with high specific surface area. The humidity sensors with ultrafast, linear response and high sensitivity
showed potential applications in human respiratory monitoring and flexible non-contact switch. To better show the multifunction of
ionic liquid-polymer composite, as a proof of concept, we fabricated an integrated humidity sensitive color change device by utilizing
lower ionic liquid content composite for sensing in the humidity sensing module and higher ionic liquid content composite as the
electrolyte in the electrochromic module.
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temperature. Besides, ILs have many unique properties such as
low volatility, high ionic conductivity, excellent thermal stability,
low flammability and low toxicity [14]. Because of their attractive

1 Introduction

Flexible sensors have attracted lots of research interests for their

potential applications in soft robotics [1, 2], electronic skins
[3-5] and human healthcare [6—8]. Compared with traditional
rigid sensors, flexible sensors can be attached to different
surfaces so that they can be more suitable used in wearable
electronics. Moisture is one of the most vital factors for the
environment and living beings. Monitoring humidity plays
a vital role in many areas, such as agriculture, medicine and
electronics industries and health monitoring [9]. A lot of
materials such as ceramics [9], polymers [10] and graphene [11,
12] have been used in developing humidity sensors. However,
it remains a significant challenge to fabricate humidity sensors
with a complete set of desirable properties: high sensitivity,
excellent linearity, fast response time, low hysteresis, and so on
[13]. Meanwhile, developing flexible humidity sensors in
simple ways, but with high performance is our pursuit.

Ionic liquids (ILs) are a class of molten salts formed by the
combination of organic cations and organic or inorganic anions.
Similar to liquid metals, ILs are flowable and conductive at room

properties, the ILs have been developed for diverse applications
[15], such as electrodes and electrolytes in lithium and sodium
batteries [16, 17], electrolytes in supercapacitors [18, 19], catalysis
[20, 21], sensors [22-24], etc. The conductivity of pure ILs was
reported to change with water content [25] because of the viscosity
change. This provided the possibility for the application of
ILs in humidity sensing. Liquid-state heterojunction sensor
fabricated with IL and Galinstan was sensitive to humidity
change, but the response time lasted for hours [26]. When
liquid-state IL was mixed with moisture, it would be harder
for them to be separated compared with solid-state materials
and moisture. This caused the most serious problem of ILs in
humidity sensing: long response time. The immobilization of
ionic liquid with solid materials can change the interaction
between water molecular and liquid into the interaction between
water molecular and solid, which will improve the response
time. Wang and his co-workers developed an ionogel humidity
sensor based on IL which was immobilized on SiO; particles
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[27], showing fast-response to humidity change. But it lacked
flexibility. Polymerized ILs were promising materials for
immobilizing ILs which remained the specific properties of
ILs. The solid-state poly(ionic liquid)s [28] was reported to act
as humidity sensing film with good flexibility, while complex
polymerization reaction was needed. Recently, Fernandes and
his co-workers developed a humidity sensor based on hydrophilic
ionic liquid which was mixed with polymer [29]. But the
response time was still at several minutes’ level. Thus, fabricating
flexible and high-performance (especially ultrafast response)
IL-based humidity sensor in a simple way remains a problem.
At the same time, multifunctional devices based on ILs were
rarely reported.

In this work, we immobilized hydrophobic ILs with polymer
and prepared a flexible humidity sensitive composite based on
IL (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide, [EMI]* [TFSI]") and polymer (poly(vinylidene fluoride-
co-hexafluoropropylene), P(VDF-HFP)). Hydrophobic materials
and structures have been proved a good choice to achieve faster
response [30, 31] and lower wet hysteresis [32] in humidity
sensing. The combination of hydrophobic IL and hydrophobic
polymer provided a facile method to realize ultrafast response.
Owing to the polymer matrix, diverse but easy processing methods
could be used as well. Different sensor types of transparent film
and nanofibers were respectively fabricated with spinning-
coating and electrospinning method. All the sensors showed a
linear response with high sensitivity (=0.70%/%RH), minimal
wet hysteresis and an ultrafast response to humidity change. In
particular, the nanofibrous sensor could detect the frequency of
120 Hz humidity change. Besides, to better show the multifunction
of ionic liquid-polymer composite, as a proof of concept, we
fabricated an integrated humidity sensitive color change device
based on IL and polymer composite by adjusting the content
of IL in different functional modules.
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2 Results and discussion

2.1 Preparation and structure of the humidity sensitive
composite

The flexible humidity sensitive composite consists of two
components: P(VDF-HFP), which acts as the polymer matrix
and [EMI]* [TFSI]” as the IL (Fig. 1(a)). Both [EMI]" and
[TESI]™ are very hydrophobic ions [17]. P(VDE-HFP) which
has lots of C-F bonds is also a kind of hydrophobic polymer.
Compared with PVDE, the CFs pendant in P(VDF-HFP) can
cause more steric hindrance effect and can provide more free
volume for mobile ions, which is beneficial for raising the
conductivity of the composite. The polymer and the IL were both
dissolved in an organic solvent like acetone or dimethylformamide
(DMF) and then were sufficiently stirred to get a uniform
solution. After evaporating the solvent, the humidity sensitive
composite was obtained. The conductivity of the composite
could be significantly adjusted by changing the content of the
IL in the composite. As shown in Fig. 1(b), the complex plots of
the composites with the IL content below 16.7% were straight
lines, which meant that the composites were highly insulative.
The complex plots of the composites with the IL content above
23.1% were composed of a semicircle and a shot line. With
the increase of the IL content, the diameter of the semicircle
decreased from tens of megohm to tens of kiloohm.

The polymer was known to have excellent molding properties
and can be formed into various shapes through extrusion,
injection, spinning process, etc. The polymer and the IL which
dissolved in acetone could be spinning-coated to fabricate highly
transparent film (Fig. 1(c)). The transparent film was self-
supporting and quite flexible. The transparent film could be
formed in a large area (~ 20 cm?) at one time (Fig. 1(d)). What's
more, the transmittance of the film in the visible wavelength
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Figure 1 (a) Schematic illustration of the composite based on IL and polymer. (b) Complex impedance plots with different contents of IL obtained from
40 Hz to 10 MHz. (c) Schematic illustration of highly transparent spinning-coated film. (d) Photograph of the spinning-coated film. (e) UV—vis
absorption spectrum of the spinning-coated film. Inset shows the photograph of a bent film. (f) Schematic illustration and (g) photograph of the

electrospun membrane. (h) SEM images of electrospun nanofibers.
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range was above 93% (Fig. 1(e)).

Electrospinning is an important method which can be used
to fabricate polymer nanofiber membrane (Fig. 1(f)). Due to
the low shear viscosity and low boiling point of acetone, acetone
was not suitable for stable electrospinning. Thus, DMF was used
as the solvent of the polymer and the IL. By electrospinning,
composite nanofibers of P(VDF-HFP) and [EMI]* [TFSI]~
were successfully fabricated (Fig. 1(g)). The diameters of fibers
were around several hundred nanometers (Fig. 1(h)). The fibers
connected with each other and formed conductive networks.
Due to the point contact of the fibers, the impedance of the
electrospun membrane was much higher than the spinning-
coated transparent film. In order to reduce the impedance
of the device, flexible polyimide (PI) substrate with interdigitated
electrodes was used to collect the nanofibers during
electrospinning.

2.2 Humidity sensing

As for a humidity sensor, the sensitivity, linearity and response
time are quite essential parameters. Meanwhile, wet hysteresis
often exists due to the difference of hygroscopic and dehumidifying
processes. Yet as a humidity sensor, wet hysteresis should be as
small as possible to improve the accuracy of humidity sensing.

The content of 40% [EMI]* [TFSI]  in the composite was
chosen to fabricate both spinning-coated film and the electrospun
nanofiber membrane to act as humidity sensors. Experimentally,
it is worth noting that the low concentration of IL would lead
to very large impedance and cause inconvenience in the humidity
test. Meanwhile, the high concentration of IL sample would
make it not suitable for electrospinning because of its high
conductivity.

Good linearity has a vital influence on the sensor calibration
and data processing [33]. However, lots of humidity sensors
reported a lack of linearity response to the humidity change.
The impedance response of humidity sensors made by P(VDF-
HEFP) and [EMI]* [TFSI]” showed very good linearity to the
humidity change (10%-80%), whether the sensor was a spinning-
coated transparent film (Figs. 2(a) and 2(b)) (the linearly
dependent coefficient, r = =0.9997) or electrospun nanofiber
membrane (Figs. 2(c) and 2(d)) (r = —0.9976). The impedance
changes of the humidity sensors during humidity increase
process and humidity decrease process were almost located
on the same line, which meant that the wet hysteresis was not
obvious. The sensitivity of the humidity sensor was defined
as S = (Z = Zsow)/ (Zsowx AH) (Zsow is defined as the impedance
at the humidity of 50%RH). The sensitivity of the spinning-
coated film was calculated as —0.70%/%RH, and that of the
electrospun film was —0.79%/%RH.

The response time is also an important performance parameter
of a humidity sensor. To test the ultrafast humidity response,
the environment with ultrafast humidity change should be
created. The common methods to control the humidity include
pumping the mixed gas of different proportions of dry air and
wet air or using saturated salt solutions. However, it takes a
little long time to reach the equilibrium humidity with these
methods. Therefore, in our work, a chopper was used to control
the humidity change and test the ultrafast response time. The
high humidity gas was introduced through a tube, and wet
airflow was intercepted periodically by the chopper (Fig. 3(a)).
Consequently, this could create a systematically and rapidly
changing humidity environment. Meanwhile, a resistance-to-
voltage conversion circuit module was used to convert impedance
changes of the sensor to voltage changes, which could be further
recorded by an oscilloscope. It can be noted that almost two
factors were found to have great influences on the response
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Figure 2 (a) Time-resolved impedance variation of the spin-coated film
with step changes of humidity. (b) Impedance variation of the spin-coated
film with humidity. (c) Time-resolved impedance variation of the electrospun
membrane with step changes of humidity. (d) Impedance variation of the
electrospun membrane with humidity.

time of the humidity sensor, such as the content of the ionic
liquid and the morphology of the membrane.

The composite that contained a very low concentration
(< 16.7%) of IL was not suitable to sense humidity because of its
overlarge impedance. The composite with high concentration
(83.3%) of IL could only be fabricated into a transparent film
using the spinning-coating method. The composite with medium
concentration (40.0%) of IL could be both spinning-coated
and electrospun. However, even under 10 Hz humidity change,
the spinning-coated film containing 83.8% IL could not
distinguish the fast humidity change (Fig. 3(b)). For the
spinning-coated film containing 40.0% IL, the frequency of
humidity change below 30 Hz could be distinguished (Fig. 3(c)).
This could mainly be attributed to the differences between the
hydrophilicity of the films. The contact angle of the film which
contained 40.0% IL was around 95° (Fig. S1(a) in the Electronic
Supplementary Material (ESM)), while that of the film which
contained 83.3% IL was 57° (Fig. S1(b) in the ESM). It was
observed that increasing of the IL content would increase the
hydrophilicity of the membrane. If a material was too hydrophilic,
it would be more difficult to dehydrate when the humidity was
decreased. This would cause long recovery time of humidity
sensing. On the contrary, water microdroplets tended to be
standalone rather than aggregate into larger units on hydrophobic
surface, which has been proved in our previous work [30]. The
standalone microdroplets could provide larger evaporation
area compared with gathered droplets, so that water molecules
could more easily depart from the absorbed surface when
humidity decreased. However, much lower concentrations of IL
would cause the increase of impedance, which would further
make it difficult for impedance measurement. Meanwhile, if a
material was too hydrophobic, it would be hard to act with water
molecules. In this case, water would cause little effect on this
material, and the material would be less sensitive to humidity
change. Thus, proper concentration of IL was important for fast
humidity response. The medium concentration (~ 40.0%) of IL
had enough hydrophobicity and proper impedance, which was
suitable for fast humidity response.
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Figure 3 (a) Schematic illustration of the test setup for the response speed of humidity sensors. (b) Responses of 40% IL nanofiber, 40% IL film and
83.3% IL film to humid air flow at 10 Hz. (c) Responses of 40% IL film to a humid air flow from10 to 40 Hz. (d) Responses of 40% IL nanofiber to a humid
air flow from 10 to 120 Hz. (e) Summary of the performances of some reported ultrafast humidity sensors.

The morphology of the membrane also played an essential
role in fast response to humidity change. The nanofiber
membrane containing 40.0% IL had a fast response time of
humidity and good ability to detect highly frequent humidity
change. When the humidity change frequency was 10 Hz, the
response of the nanofibrous membrane was much more distinct
compared with that of the spinning-coated film (Fig. 3(b)). As
shown in Fig. 3(d), even 120 Hz of humidity change could be
distinguished by the nanofibrous membrane. Remarkably, this
was one of the highest frequencies which could be achieved
(Fig. 3(e) and Table S1 in the ESM) among the reported
ultrafast humidity sensors [30, 34-36]. It was evident that
the nanofiber structure had a very high specific surface area,
and more surfaces were exposed to the environment as well.
Therefore, the nanofibers could have better interaction with
water molecules, and this would cause an ultrafast response to
humidity change.

Complex impedance plots were usually used to study the
mechanism of ionic conductive type humidity sensors [27, 28,
37, 38]. The complex impedance plots of the IL-based sensor
were tested from 40 Hz to 10 MHz at different RH levels by
Agilent 4294A. All the complex impedance plots at different
RH levels were similar, which were composed of an arc and
a line (Fig. S2(a) in the ESM). It is also worth noting that the
impedance mainly was composed of two parts, the intrinsic
impedance of the films and ion diffusion impedance (the
Warburg impedance). The impedance plots could be fitted to
an equivalent circuit with the Zsimpwin software (Fig. S2(b)
in the ESM). The equivalent circuit was composed of four
elements: R;, R, CPE and W. R; is closely related to the
surrounding region of the electrode. Ri represents the bulk
resistance of the sensing film and CPE is related to the influence
of polarization in the sensing film. Warburg impedance (Zw)
reflects the effect of diffusion process of ions or charge
carriers. The change of element R, and W played the most
important role in humidity change in the equivalent circuit
(Figs. S2(c)-S2(f) in the ESM). The change of R, and W of
ILs-polymer composite was closely related to the change of
ionic conductivity. The water molecules could be adsorbed to

the surface of the polymer and produce free protons (H')
ionized from H.O. With the increase of humidity, more water
molecules would be absorbed to produce more ionized H*.
This led to an increase in movable ions and the increase of
film conductivity.

Therefore, the realization of ultrafast humidity sensing
performance was illustrated in Fig. 4. The conductivity change
of the IL-polymer composite was attributed to the ionization
of the adsorbed water. At molecular scale, the hydrophobic
ionic liquid and hydrophobic polymer were used to form
hydrophobic composite, which was favorable for water molecule
desorption when humidity decreased. The immobilization
of ionic liquid by polymer changed the interaction between
water molecular and liquid into the interaction between water
molecular and solid, which could also improve the response
speed. At microscale, by adjusting microstructure of the
composite, nanofibrous structure could be achieved, which
could provide high specific surface area. These factors
synergistically realized the ultrafast humidity sensing of IL-based
composite.

2.3 Applications of the humidity sensor

The flexible humidity sensor fabricated by P(VDF-HFP) and
[EMI]* [TFSI]” showed good sensitivity to humidity change with
excellent linearity, low wet hysteresis and fast response-ability.
Hence it can be used in wearable devices.

Respiration is an important physiological activity for human.
The monitoring of respiration has great importance for human
health. For example, the monitoring of respiration during
exercise can reduce the risk of excessive movement. And the
monitoring of respiration during sleep can help to evaluate
sleeping quality and timely discover some sleep apnea syndromes.
Due to the high humidity of the gas that human exhaled,
respiratory can be monitored by humidity sensors. The IL-based
flexible sensor was attached to the philtrum of a volunteer
(Fig. 5(a) inset). The normal breathing of a volunteer was first
detected (Fig. 5(a)), and the respiratory rate was around 18 times
per minute (1220 times per minute are within normal limits).
The situation of rapid panting, which may happen when asthma

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 5 Human respiratory monitoring of (a) normal breath, (b) rapid panting and (c) deep breath. Inset shows a flexible transparent sensor attached to
the philtrum. (d)—(f) Non-contact switches: (d) Photograph and impedance change of the sensor when the finger approached the sensor. (e) Photograph
and impedance change of the sensor when the finger tapped and lifted. (f) Photograph and impedance change of 1x3 non-contact switch array when the

finger approached the left, middle and right part of the array.

occurs or after strenuous exercise was also simulated. The
respiratory rate reached around 55 times per minute, while the
amplitude of impedance change was small (Fig. 5(b)). When
the volunteer breathed deeply, the impedance changed larger
than that of normal breath, and the respiratory rate was 8
times per minute (Fig. 5(c)). Different breathing conditions
could be monitored and distinguished with our flexible humidity
sensor. Furthermore, the transparent film has less influence on

TSINGHUA
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aesthetics because of its high transparency.

Another application is for a non-contact switch. Contact
switches may cause cross-infection of bacteria or virus, while
non-contact switches can reduce this risk. The water evaporation
from the skin can change the humidity near the skin. This
feature can be used to achieve non-contact control by using
the humidity sensor. As shown in Fig. 5(d), when the fingertip
approached the humidity sensor, it would cause impedance

@ Springer | www.editorialmanager.com/nare/default.asp
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decrease. When the finger stayed near, the impedance decreased
and formed a platform region. When quickly tapped and lifted
a finger, falling peaks of impedance would appear (Fig. 5(¢)).
Furthermore, a non-contact switch array composed of several
humidity sensors was fabricated with one-step spinning-coating
or electrospinning method. The flexible non-contact switch
array could be attached to the skin. Then, as the finger
approached the left, middle or right part of the array, the
sensor at the corresponding position could record the position
information of the finger and realize different signal inputs
(Fig. 5(f)).

2.4 Integrated humidity sensitive color change device

The versatility of ionic liquid-polymer composites provided
them with multifunctional applications in various fields. But
traditionally, the applications of ionic liquids were relatively
independent of each other. As a multifunctional material, it
makes great sense to develop a device which combines sensing,
displaying, energy storing and other functions. When a
multifunctional device is fabricated with the same materials
system, it can use the same processing technology and
equipment, which is beneficial for simplifying processing and
reducing the cost. In addition, multifunctional devices using
the same materials system makes it easier in recycling and
treatment after the failure of devices, which is beneficial to
environment protection.

Visualization of the sensors can provide people with directly
readable signals and more friendly information interaction.
Humidity sensitive color change device has potential applications
in humidity-responsive display and visualization of humidity
sensing [35, 39, 40]. Traditional colorimetric humidity sensing
materials like cobalt salts, CuSOs, etc. had limited colors to
change and the humidity at which the color would change was
hardly to be adjusted. Fernandes, et al. developed a colorimetric
device based on the water absorption and dehydration of
Ni* in the IL of [Bmim];[NiCL] [41]. Since the color change
property mainly relied on Ni’, it had the same drawbacks
as the traditional colorimetric humidity sensing materials. In
the composite system of P(VDF-HFP) and ionic liquid, high
concentration of IL would lead to high ionic conductivity,
which is suitable to act as an electrolyte. In previous reports
[42, 43], P(VDF-HEFP) and the ionic liquid composite was used
in fabricating flexible electrochromic devices. This provided
a new strategy to develop a humidity sensitive color change
device based on the material system of ionic liquid-polymer
composites.

Here, P(VDF-HFP) and [EMI]* [TFSI]~ was used to fabricate
the humidity sensitive color change device which was composed
of the humidity sensing module and electrochromic module.
The composites with different concentrations of IL played
different roles in the functional modules. The composite with
medium concentration (40.0%) of IL was used as humidity
sensing material in the sensing module, and the composite
with high concentration (83.3%) of IL acted as the electrolyte
in the electrochromic module (Fig. 6(a)). Regarding the
electrochromic part, dimethyl ferrocene (dmFc) and heptyl
viologen bis-(trifluoromethylsulfonyl)imide (HV(TFSI).) were
mixed with P(VDF-HFP) and [EMI]* [TFSI]™ and acted as
electrochromic materials. Two pieces of flexible indium tin
oxide (ITO)-coated polyethylene terephthalate (PET) films
served as the transparent conductive electrode and also separated
the humidity sensing part from the electrochromic part. Besides,
a circuit was designed to transfer the impedance change of the
sensing part which varied with humidity into the input voltage
change of the electrochromic part (Fig. 6(b)). The whole device
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was integrated through the layer-by-layer assembly process and
was quite flexible (Fig. 6(c)). The UV—vis spectra of the device at
various input voltages which were applied to the electrochromic
part were illustrated in Fig. 6(d). When the voltage was over 0.6 V,
the absorption peaks at around 400 and 600 nm appeared.

Generally, the impedance of the humidity sensing part
decreased when the humidity of the environment increased.
Then, the input voltage of the comparison circuit would
increase. Meanwhile, it can be seen that the output voltage of
the conversion circuit would be at a high level when the input
voltage exceeded the comparison voltage. Consequently, this
would cause the color change of the electrochromic part. After
the humidity recovered to the original state, the output voltage
of the conversion circuit would be at a low level (Fig. 6(e));
therefore, the color of the device would fade. The photographs
of the integrated humidity sensitive color change device at low
humidity level (light colored), high humidity level (deep colored)
and after humidity recovered to low humidity level (color faded)
were shown in Figs. 6(f)—6(h). In fact, the comparison voltage of
the comparison circuit could be controlled, hence the humidity
at which the color would change could be adjusted. Furthermore,
other electrochromic materials with different colors could also
be mixed in the IL-based electrolyte, so that the device had the
potential to realize more color changes.

3 Conclusions

In this work, flexible humidity sensitive composites based on
hydrophobic P(VDF-HFP) and [EMI]" [TFSI]~ were fabricated
by a facile approach utilizing various polymer molding methods.
The composite showed a linear response to the humidity change
with high sensitivity and small wet hysteresis. The spinning-
coated film could response to 30 Hz humidity change, and
the 120 Hz of humidity change could be distinguished by the
electrospun membrane, which was one of the highest humidity
change frequencies that had ever been reported. The flexible
humidity sensors could be used in applications in human
respiratory monitoring and flexible non-contact switch. As a
proof of concept, a P(VDF-HFP) and [EMI]* [TFSI]~ composite
based integrated humidity sensitive color change device was
also fabricated, which provided new ideas for building new
humidity-sensitive color-changing devices.

4 Methods

Materials. The P(VDF-HFP) (No. 427187) was purchased
from Sigma-Aldrich and the 1-ethyl-3-methylimidazolium
bis(trifuoromethylsulfonyl)imide (EMITFSI) was purchased
from Energy Chemical.

Fabrication of the flexible transparent humidity sensor.
Certain amounts of P(VDF-HFP) and [EMI]* [TFSI]” were
dissolved in acetone. After 4-h stirring, the mixture solution
was spinning-coated on the substrate to obtain a transparent
film.

Fabrication of the nanofibrous humidity sensor. Certain
amounts of P(VDF-HFP) and [EMI]* [TFSI]~ were dissolved
in DME As for the electrospinning process, a voltage of 15 kV
was applied to the syringe needle, and the collector was set to
rotate at the speed of 100 r/min. The electrospun nanofibers
were collected with PI substrate on which interdigital electrodes
were deposited.

Fabrication of integrated humidity sensitive color change
device. The integrated humidity sensitive color change device
was divided into two parts: the humidity sensitive part and the
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Figure 6 Integrated humidity sensitive color change device. (a) Schematic illustration of the device. (b) Schematic of the circuit layout. (c) Photograph of
a bent device. (d) UV-vis spectra of the device when varied voltages applied on the electrochromic part. (e) Input and output voltage changes of the
comparison circuit when humidity increased and then recovered. (f)—(h) Photographs of the devices at (f) low humidity level, (g) high humidity level and

(h) after humidity recovered to low humidity level.

electrochromic part. The electrochromic part was fabricated
as reported previously [42]. The electrochromic material
HV(TFSI). was prepared by an anion exchange reaction
between heptyl viologen dibromide (HV(Br).) and lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI). HV(TFSI)., dmFc,
P(VDF-HFP) and [EMI]* [TESI]" (weight ratio: 3:1:12:60) were
dissolved in acetone. The obtained solution was molded in a
glass petri dish and dried to form solid-state electrolyte of the
electrochromic part. The electrolyte was then sandwiched
between two pieces of ITO-coated PET to form the electrochromic
part. Finally, 40% content of IL solution of (P(VDF-HFP) and
[EMI]* [TESI]") was spinning-coated on the top of electrochromic
part to act as the humidity sensing part.

Measurement of humidity sensing performance. The
impedance of the humidity sensor was tested by Keysight
E4980AL with 50 Hz, 2 V alternating voltage. The humidity
sensing test was conducted by placing the sensor in a gas
chamber. Different proportions of dry N, and wet N (bubbled
in deionized water) were mixed and then pumped into the
chamber. The humidity in the gas chamber was adjusted by
controlling the flow rates of the dry N> and the wet N. and
calibrated with a commercial humidity sensor (CEM DT-83).
The rapid humidity response test was conducted by using
a chopper. Different frequencies of the chopper were set, and
then wet N, passed the chopper; thus, different frequencies
of humidity change were produced. The wet N, flow with a
humidity of 90.2%RH and the gas flow rate of 25 mL/min
was used. The humidity of the environment was 56.6%RH.
A resistance-to-voltage conversion circuit module was used to
convert impedance changes of the sensor to voltage changes
and then the voltage changes were recorded by an oscilloscope
(HDO6000A High Definition Oscilloscopes, Teledyne LeCroy
Inc.).

Characterizations. The microstructure of the electrospun
nanofibers was characterized by scanning electron microscopy
(SEM) (Zeiss Merlin Compact). The ultraviolet-visible absorption
spectra were measured by a spectrophotometer (Agilent Cary
5000).
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