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Abstract: Humidity-sensing devices are widely utilized in various fields, including the environment,
industries, food processing, agriculture, and medical processes. In the past few years, the develop-
ment of noncontact sensors based on moisture detection has increased rapidly due to the COVID-19
pandemic. Moisture-detection, noncontact and breath-monitoring sensors have promising applica-
tions in various fields. In this study, we proposed a rapid-response graphene oxide (GO)-doped
P(VDF-TrFE) /LiCl nanocomposite-based moisture sensor fabricated on an interdigitated electrode.
The synthesis of GO/P(VDF-TrFE)/LiCl resulted in a porous structure with nano-sized holes due to
the effect of LiCl. Moreover, doped GO improved the conductivity of the sensing film. The created
nanoporous structure improved the recovery time better than the response time, with the times
being 4.8 s and 7.8 s, respectively. Not only did our sensor exhibit rapid response and recovery
times, it also exhibited a high sensitivity of 1708.8 pF/%RH at 25% to 93%RH. We also presented a
real-time breath-monitoring system for noncontact sensing applications based on GO-doped P(VDF-
TrFE)/LiCl composites. The results revealed that GO-doped P(VDF-TrFE)/LiCl is a good candidate
for fabricating real-time moisture-detection noncontact sensing devices.

Keywords: polymeric composite; graphene oxide; capacitive humidity sensor; breath monitoring;
noncontact sensing

1. Introduction

Controlling various environmental parameters, such as humidity, temperature and
pressure, is important in daily life. Among these parameters, relative humidity control
still plays an important role in various fields, including agriculture, manufacturing, food
processing and biomedical engineering. Recently, humidity sensors have received consid-
erable attention in breath-monitoring and noncontact sensing applications. Water vapor
is the dominant component (6%) in inhaled air; hence, a humidity sensor can be used to
monitor the rate and depth of a patient’s breathing in real time. Breath is a basic phys-
iological characteristic, and it can be used to evaluate breathing problems such as sleep
apnea, asthma, bronchitis, and heart diseases. Moreover, the noncontact humidity sensors
are based on the moisture of human skin compared with the contact sensor, which can
reduce the transmission of viruses and bacteria to a certain extent. Furthermore, research
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on respiratory diagnostics and noncontact sensors has received increasing attention since
the COVID-19 outbreak [1-9].

The proper selection of sensing materials is the key to developing high-performance
humidity sensors with high sensitivity, excellent stability, rapid response, and reliability.
Therefore, the selection of sensing material is most significant. Several kinds of materials
have been used to manufacture humidity sensors, such as ceramic [10], metal oxide [11],
nanotubes [12], polymers [13], and carbon materials [14]. However, the complicated
synthesis process, limited detecting range, and high cost of sensing materials are still
challenging to overcome. In recent years, polymer-based composites were proposed
for various sensing applications owing to their diverse structures, easy processability,
stability, controllability, and low cost [15,16]. Among them, ferroelectric and piezoelectric
poly(vinylidene fluoride-trifluoroethylene) (P(VDE-TrFE)) has been widely studied and
used in various applications owing to its easy fabrication, chemical stability, solution
processability, and biological compatibility. P(VDE-TrFE) has the properties of binding
to several surfaces among various polymers. Moreover, P(VDF-TrFE) is a copolymer of
polyvinylidene fluoride (PVDF) and polytrifluoroethylene (PtrFE), and it can be easily
conformed to various kinds of surface owing to its excellent mechanical properties and
improved polarizability. However, it has a low sensitivity to humidity sensing due to its
hydrophobic properties. The sensitivity of P(VDE-TrFE) to water molecules can be improved
by adding ionic salt (LiCl) to a polymer-based solution, which can change a hydrophobic
surface to a more hydrophilic one and improve its sensitivity to humidity [17-19]. LiCl,
as a strong and excellent electrolyte, is a well-known choice for constructing humidity-
sensitive composites. Furthermore, even at low relative humidity levels, a single molecule
of LiCl may absorb 1000 times its own mass in water vapor. After LiCl addition, the
sensitivity of the composite is significantly improved by the interaction between the ionized
LiCl and the absorbed water molecules. Recently, LiCl has been widely used to prepare
porous surfaces, as well as to improve the sensitivity of polymers [20-23]. Carbon-based
nanomaterials are good candidates in humidity sensors due to their excellent surface
chemistry and structure designability. To develop high-performance humidity sensors,
two-dimensional (2D) graphene oxide (GO) has been widely used as the composite material
to improve electrical properties. GO has advantages, such as high electrical and chemical
stability, excellent conductivity to water molecules, and high control of functionalization.
Additionally, GO has hydrophilic and electrically insulating properties due to its oxygen-
containing functional groups. These properties make GO potentially useful as a sensing
material. Further, GO is more compatible with polymers than pure graphene, and it is a
good candidate for chemical sensing applications [24-28].

Various humidity sensors are used to accurately measure relative humidity, including
capacitive, resistive, electromagnetic, gravimetric, and optical measurements. Among
these, capacitive humidity sensors have the advantages of low power consumption, ease
of fabrication, ease of integration with electronic circuits, and effective cost. Moreover,
capacitive humidity sensors are based on changes in capacitance values and offer linearity,
high sensitivity, and accuracy compared with other types of humidity sensors. Due to
their high sensitivity, high conductivity, and ease of fabrication, interdigitated capacitive
(IDC) electrodes are suggested as one of the common designs used for fabricating sensing
devices. IDC humidity sensors work on the basis of the electrical characteristics of sensing
materials and changes in the dielectric constant in electric fields. When the dielectric-layer-
coated IDC electrode absorbs water vapor, the dielectric of the sensing film changes and
the capacitance value increases. Recently, these sensors have been used in respiration-
monitoring and noncontact applications due to their high sensitivity, as well as their rapid
response and recovery times [29-33].

The sensitivity, response, and recovery durations of humidity sensors’ sensing perfor-
mances still need to be improved for a variety of real-time applications, despite the fact
that there has been a significant advancement in the field. In this study, we demonstrate a
facile way to synthesize GO-doped P(VDF-TrFE)/LiCl fabricated on an IDC electrode for
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humidity detection for the first time. Inorganic salt (LiCl) is used to enhance the sensitivity
of P(VDE-TrFE), and GO is used for high conductivity. LiCl dramatically improves the
sensitivity of P(VDF-TrFE), and significantly affects the viscosity and surface balance of
P(VDE-TrFE). Moreover, GO can improve the electric conductivity of P(VDF-TrFE). After
adding LiCl and GO to P(VDF-TrFE), the hydrophobic surface becomes hydrophilic. As
a result of GO-doped P(VDF-TrFE) /LiCl-composite material, high humidity sensitivity
(1708.8 pF/%RH), response (4.8 s) and recovery time (7.8 s) were obtained at room temper-
ature. Furthermore, the proposed GO-doped P(VDF-TrFE)/LiCl-composite thin-film-based
humidity sensor showed high sensitivity and rapid response to real-time noncontact appli-
cations, such as breath monitoring and skin moisture detection.

2. Materials and Methods
2.1. Materials

A graphene oxide aqueous solution was supplied by Graphene Supermarket, (New
York, NY, USA). Solvene®200,/P200 (Poly(vinylidene fluoride-co-trifluoroethylene)), hy-
drogen peroxide (H,O,), sulfuric acid (H,SO;), and ethyl alcohol, 99.5% (C,H5OH) were
purchased from Sigma-Aldrich, (Seoul, Republic of Korea). Lithium chloride (LiCl) was
purchased from Samchun Co., Ltd. (Gangnam-gu, Seoul, Republic of Korea) and N, N-
dimethylformamide (DMF) was obtained from Duksan Pure Chemicals Co., Ltd. (Gyeonggi-
do, Seoul, Republic of Korea). All other chemicals were of analytical grade and were used
without further purification.

2.2. Preparation of the GO-Doped P(VDF-TrFE)/LiCl-Based Sensor

Figure 1a illustrates the solution preparation process of the GO-doped P(VDF-TrFE)/LiCl
composite on the IDC electrode through the drop-casting method. First, 2.5 wt% concentra-
tion of P(VDF-TrFE) was prepared in DMF by magnetic stirring for 6 h at room temperature.
Second, LiCl (2 wt%) was added to the prepared solution and magnetically stirred for
approximately 2 h. Finally, GO was doped in the P(VDF-TrFE) /LiCl solution with a ratio
of 1:1 and stirred for 2 h. Glass-substrate-based Pt/Ti electrodes (IDCs) were used in this
study. To design an IDC electrode, 24 fingers with 100 um widths, 100 um finger gaps, and
0.3 pum thick, were fabricated onto an Eagle XG glass wafer. The size of the IDC device was
41 mm x 7.75 mm [34,35]. To prepare the GO-doped P(VDE-TrFE)/LiCl-composite-based
humidity sensor, the IDC electrode was first cleaned with a piranha solution for 15 min
at 80 °C. After Piranha cleaning, the GO-doped P(VDEF-TrFE)/LiCl-composite solution
was coated on the IDC electrode though the drop-casting method with 6 uL. After coating,
the sensors were annealed at 80 °C for approximately 30 min. The equivalent circuit of
the IDC electrode and interaction of the composite structure is shown in Figure 1b. The
detailed structure of the IDC equivalent circuit is included in the Supplementary Materials
(Figure S1). When there was no sensing film present, the IDC produced a substrate capac-
itance called Cgyp. The capacitance of the sensing film is Cgjp,. As the relative humidity
increased, LiCl in GO-doped P(VDE-TrFE) was ionized into LI* and C1~. Ionized LiCl acts
as a free conductor on the IDC electrode. In addition, GO is rich in hydroxyl and carbonyl
and effectively absorbs water molecules. The real-time measurement process is shown in
Figure 1c. As the finger approaches the prepared GO-doped P(VDF-TrFE) /LiCl-composite-
based sensor or the volunteer breathes, the capacitance of the sensor changes and a signal
is transmitted to the LCR meter. The received signal of the LCR meter is output as data
using BenchVue 2020 Update 2.0 software.
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Figure 1. Schematic of the fabrication and measurement processes of a GO-doped P(VDF-TrFE) /LiCl-
composite-based humidity sensor. (a) Process of solution preparation. (b) Equivalent circuit and the
composite layer of the prepared GO-doped P(VDF-TrFE)/LiCl-composite-based sensor fabricated on
an IDC electrode. (c) Real-time measurement of noncontact sensing and breath monitoring.

2.3. Humidity-Sensing Measurement

For humidity-sensing measurements, different RH conditions were achieved by the
saturated salt solution method [36]. The GO-doped P(VDE-TrFE)/LiCl nanocomposite
sensor was placed at different RH levels at 23 °C. The saturated LiCl, CaCl,, MgCl,,
NaySO4, MgSOy4, NaCl, KNOj3, and KCI solutions in closed vessels provided 25%, 35%,
46%, 54%, 66%, 75%, 84%, and 93% RH, respectively. The sensors were connected to an
LCR meter (Agilent E4980A, Keysight, CA, USA) to record capacitance changes before and
after exposing the sample to humidity at a selected frequency of 1 kHz, and the data were
transferred to BenchVue software. The relative humidity in the chamber and room was
monitored using a hygrometer.

2.4. Sensor Characterization

A field-emission scanning electron microscope (FE-SEM, Quanta 250 FEG, FEI Ltd.,
Oregon, Seoul, Republic of Korea) was employed to observe the characteristics and poros-
ity of the GO-doped P(VDF-TrFE)/LiCl surfaces. P(VDE-TrFE) and GO-doped P(VDE-
TrFE) /LiCl-composite thin films” average roughness and surface morphology were charac-
terized using an atomic force microscope (AFM, XE150, PSIA, Suwon, Republic of Korea).
The AFM data were analyzed using the software program XEI (Park Systems Corp., Seoul,
Republic of Korea) for obtaining the top and 3D morphological views. To assess the crys-
tallinity and phase transition of the samples with Cu target (wavelength 1.5412 A) over
a 2 range of 10° to 80°, X-ray diffraction (XRD) using a SmartLab diffractometer from
Rigaku Corp. (Tokyo, Japan), was used. A Raman spectrometer (LabRam ARAMIS IR2,
HORIBA Jobin Yvon SAS Ltd., Jersey, NJ, USA) was used to analyze the combined state of
the composite materials and their components of the thin-film surfaces.
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3. Results and Discussion
3.1. Characterization of GO-Doped P(VDF-TrFE)/LiCl

The SEM image of the GO-doped P(VDF-TrFE)/LiCl composite is shown in Figure 2a.
Without LiCl, the P(VDF-TrFE)-coated humidity sensor was almost completely smooth;
however, after the synthesis of LiCl, the surface’s morphology changed to that of a sponge-
like structure. After adding LiCl, nano- and micro-sized pores formed on the entire surface.
The porous structure was preserved even after the synthesis of GO. The nanoholes enhanced
the absorption and desorption of water vapor and improved the sensitivity of the GO-
doped P(VDE-TrFE)/LiCl-coated IDC electrode. When the surface was enlarged to 2 um,
the size of holes of porosity of GO-doped P(VDE-TrFE)/LiCl was observed to range from
nanometers (300 nm) to micrometers (1.1 pm). Figure 2a also shows the cross-section of
the GO-doped P(VDE-TrFE)/LiCl-composite film. The thickness of the composite film
was ~1.3 um. After adding GO and LiCl, the surface of P(VDF-TrFE) developed a sponge-
like structure on the IDC electrode, which had an important effect on relative humidity
sensing. SEM images of P(VDF-TrFE) and P(VDF-TrFE)/LiCl composites are included in
the Supplementary Materials (Figure S2). The AFM image (80 pm x 80 um) was employed
to characterize the surface morphology and average roughness of the GO-doped P(VDF-
TrFE) /LiCl nanocomposite film, as shown in Figure 2b. The root-mean-square (RMS)
of the surface roughness was 29.668 nm. The elemental composition of the GO-doped
P(VDF-TrFE) was investigated through energy-dispersive X-Ray spectroscopy (EDS), with
a magnification level of 5 um. The investigated results confirmed the presence of C K, F
K, C1K, and O K series, as shown in Figure 2c. The layered EDS image demonstrates the
presence of carbon 26.34%, a fluorine series 5.69%, C11.02%, and oxygen 6.65%, respectively,
as illustrated in Figure 2c. The EDS mapping confirmed the presence of GO, LiCl, and
P(VDE-TrFE) copolymer.
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Figure 2. Characterization of the GO-doped P(VDF-TrFE)/LiCl composite based humidity sensor.
(a) SEM images of the GO-doped P(VDF-TrFE)/LiCl, (b) the AFM image composites, (c) SEM-EDS
analysis and elemental mapping, (d) XRD, and (e) Raman spectroscopy results of pure P(VDE-TrFE),
P(VDF-TrFE) /LiCl, and GO-doped P(VDE-TrFE)/LiCl composites.
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XRD analysis was performed to investigate the crystalline structure of P(VDE-TrFE),
P(VDF-TrFE)/LiCl, and GO-doped P(VDEF-TrFE)/LiCl-composite thin films, shown in
Figure 2d. The (3-phase peak was obtained from prepared pure P(VDEF-TrFE) thin films,
and the -phase of P(VDF-TrFE) was preserved after the synthesis of LiCl and GO. The
GO-doped P(VDE-TrFE)/LiCl-composite thin film exhibited a peak at 20°, which was
attributed to the (110) orientation planes, which were associated with the polar 3-phase.
The piezoelectric properties of the semicrystalline polymer, PVDE, and its copolymer
P(VDF-TrFE), originate from the crystal structure of their crystalline phases of «, 3, v,
and 6. Among the «, 3, v, and & crystalline phases, the 3-phase exhibits the strongest
polarization and high piezoelectric, pyro-, and ferro-electricity properties. The crystalline
PVDE-TrFE [3-phase shows extensive piezoelectric properties, and it has inherent properties
of lightweightedness, mechanical flexibility, and easy processing; hence, it is the most
preferred. Moreover, the introduction of TrFE into PVDF favors the formation of the
ferroelectric 3 phase in P(VDF-TrFE) and simplifies the fabrication process. The -phase
of P(VDE-TYFE) is very suitable for the development of humidity sensors [37-39]. Raman
analysis was conducted to analyze the combined state of the composite material and the
components of the thin-film surface. The Raman spectra of pure P(VDEF-TrFE), P(VDF-
TrFE)/LiCl, and GO-doped P(VDEF-TrFE)/LiCl nanocomposites are shown in Figure 2e.
As shown in the top graphic of Figure 2e, a sharp Raman peak is observed at 847 cm ™! in
the spectrum of the P(VDF-TrFE) film on the IDC electrode surface. After adding LiCl, a
sharp Raman peak was observed at 805cm 1. In the bottom graphic of Figure 2e, a shift
occurs in the peaks of the GO-doped P(VDF-TrFE)/LiCl nanocomposites observed in the
Raman spectrum. For the GO-doped P(VDF-TrFE)/LiCl nanocomposites, the D-band at
1341 cm™! is caused by the defects in the graphene or amorphous carbon, whereas the
G-band is observed at 1582 cm~! [40].

3.2. Sensing Properties of the GO-Doped P(VDF-TrFE)/LiCl Composite

The suitable composition of LiCl in the polymer shows excellent humidity-sensing
properties. LiCl enhances the porosity and sensitivity of P(VDF-TrFE) due to its hydrophilic-
ity [41]. This is because composite films” electrical conductivity is enhanced by the water
molecules that LiCl absorbs. The surface of the sensing film is further altered by the doping
of GO in P(VDF-TrFE) /LiCl, which also increases the surface area that can adsorb water
molecules and reduces hysteresis during the desorption process. The sensitivity of the
GO-doped P(VDF-TrFE) /LiCl was measured using the following equation:

Coz — C25)

_(
ST s @

where Cgg and C3 represent the capacitance values at the highest humidity level (93% RH)
and lowest humidity level (25% RH), respectively. Figure 3 shows the humidity perfor-
mance of the GO-doped P(VDF-TrFE) /LiCl-based humidity sensor with RH levels ranging
from 25% to 93% RH. The sensitivity of GO-doped P(VDF-TrFE)/LiCl is shown in Figure 3a.
The sensitivity of the GO-doped P(VDF-TrFE)/LiCl nanoporous thin-film-based sensor
was 1708.8 pF/%RH. Figure 3b provides information about the linearity of the GO-doped
P(VDF-TrFE) /LiCl nanoporous thin film. The GO-doped P(VDEF-TrFE)/LiCl nanoporous
thin-film-based humidity sensor showed a superior linear relationship (linearity (L): 0.967)
in the overall range. The response and recovery times of the GO-doped P(VDF-TrFE)/LiCl-
composite-based humidity sensor are shown in Figure 3c. The response and recovery times
of the sensor at 30% and 93% RH were 7.8 s and 4.5 s, respectively. Response and recovery
time measurement setup is shown in Figure 3d. Moreover, the response and recovery
times of P(VDF-TrFE)/LiCl were also measured; however, the results were unstable and the
timings were longer than for the GO-doped P(VDF-TrFE)/LiCl. This may be due to the high
sensitivity of LiCl to water vapor. The results are shown in Figure S3 of the Supplementary
Materials. We investigated the response and recovery times of the prepared humidity
sensors using a homemade sensing chamber and an LCR meter (Keysight E4980AL and
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BenchVue software) at 23 °C. During the experiment, the prepared sensor was connected to
an LCR meter, and the LCR meter recorded the change in sensor capacitance value through
the real-time monitoring software BenchVue.
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Figure 3. Humidity measurements. (a) Sensitivity, (b) linearity, (c) response and recovery times, and
(d) measurement setup of response and recovery times.

Moreover, dielectric permittivity and conductivity were measured. The capacitance
(C) of the capacitive humidity sensor can be expressed as Equation (2) [42]

A

C= € lod 2
where A is the effective area of the two electrodes, ¢ is the effective dielectric constant of
the dielectric layer, k is the electrostatic force constant, and d is the distance between the
two electrodes. In our work, dielectric permittivity was measured for sensing thin film.
Therefore, it is considered possible to express it by equations at low RH C; = ;72 and
high RH C; = g2 It can also be calculated using the following equation formulated as
C = 32, where C; is capacitance value at low-humidity range and C, is capacitance
value at high-humidity range. The capacitance value was 2.2 nF at 25% RH range and
118.3 nF at 93% RH range. The €1 and e, were calculated as 2 = 1%83 = S—f = 53.77.
Moreover, the compared conductivity data of P(VDF-TrFE), P(VDF TrFE) /LiCl and GO-

doped P(VDF-TrFE) composite sensors are given in Table 1.
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Table 1. Conductivity of P(VDF-TrFE)-, P(VDE-TrFE)/LiCl-, and GO-doped P(VDF-TrFE)/LiCl-based
humidity sensors.

Sensors Conductivity (nS)
P(VDF-TrFE) 27.2
P(VDF-TrFE) /LiCl 86.4
GO-doped P(VDF-TrFE) /LiCl 121.3

3.3. Real-Time Monitoring Applications

In this study, we focused on noncontact sensing applications. Recently humidity-
based noncontact sensors have been widely studied. Applications of the noncontact-
working-principle-based sensor are increasing to improve the comfort of daily life. This is
because noncontact sensors are useful in reducing the transmission of viruses and bacteria
to a certain extent. During the experiment, P(VDF-TrFE)/LiCl and GO-doped P(VDE-
TrFE) /LiCl-composite sensors were placed at the same distance from a human finger.
The P(VDE-TrFE)/LiCl-composite sensor did not exhibit noncontact sensing properties,
while the GO-doped P(VDF-TrFE) /LiCl exhibited excellent noncontact sensing properties.
The capacitance value did not change when the finger was placed close to the P(VDF-
TrFE) /LiCl-composite-based humidity sensor connected to the circuit, but the capacitance
value was changed when the GO-doped P(VDE-TrFE) /LiCl-composite-based humidity
sensor was placed at a distance of about 0.3-0.5 cm. Additionally, the capacitance value
remained the same when the sensor was brought closer to a metal object.

We recorded a video to compare the noncontact performance of the P(VDF-TrFE) /LiCl
sensor and GO-doped P(VDE-TrFE)/LiCl-composite-based sensorwhich was supporting
information (Video S1). The application of noncontact sensors with rapid response is
constantly increasing, and noncontact sensors are required to prevent the spread of viral
infections by being used to develop uncomplicated applications, such as noncontact buttons
for electronic devices. Figure 4a shows a real-time time noncontact sensing experiment
process. Capacitance signals were recorded when a human finger approached a sensor
device at a distance of 0.3~0.5 cm. We recorded two kinds of data on dry and moist skin.
For the moist skin, the capacitance value changed more, as shown in Figure 4b. Figure 4c,d
show a noncontact LED that is switched on and off due to finger moisture. Our GO-doped
P(VDEF-TrFE) /LiCl sensor quickly detected finger moisture without any contact. As the
finger approached the sensor, its capacitance was sharply increased due to the fast response
to the moisture of the skin, and the LED light was turned on. Moreover, Figure 4e,f show
an electric fan turning on and off using the same working principle as with the LED light-
on-and-off experiment. As a result, the possibility of developing a noncontact humidity
sensor through skin sweat was demonstrated. A circuit design of the noncontact sensing
experiment is included in Supplementary Materials (Figure S4).

Respiratory monitoring is useful for medical care, including the treatment of sleep
apnea, asthma, bronchitis, heart disease, and lung health. It can aid in the early detection
of major respiratory problems. It is possible to use the GO-doped P(VDE-TrFE)/LiCl
for real-time breath rate change monitoring. Figure 5a shows the experimental setup
created for monitoring human respiration. Using the BenchVue test lab manager software
and an LCR meter, sensors were placed within the mask, and sensor capacitance signals
were recorded each second when a volunteer inhaled and exhaled. Three types of breath
speeds were sequentially evaluated for the volunteer, as shown in Figure 5b. Between
exhalation and inhalation during the fast-breathing phase, the capacitance varied by about
217.9-278.1 nF over the course of 14 cycles. The capacitance varied between 182.3 and
336.1 nF in 9 cycles during a normal breathing cycle. The capacitance varied during deep
breathing, between 191.8 and 341.5 nF in 14 cycles. These results demonstrate that the
nanoporous P(VDF-TrFE) /LiCl structure doped with GO is highly responsive to changes
occurring in nose respiration. As illustrated in Figure 5c, breathing control can also be
used in apnea instances. The experiment was performed in such a way that the volunteer



Chemosensors 2023, 11, 122 9o0f 12

breathed normally and then purposely stopped breathing. Due to a lack of moisture during
an apnea episode, the capacitance value decreased, whereas it increased again after normal
breathing. The capacitance signals were recorded without a mask, and the distance between
the sensor and the volunteer was 5, 10, 15, or 20 cm, as shown in Figure 5d. A sensing
device was connected to the LCR meter, and the signal decreased as the distance increased,
as illustrated in Figure 5e. The average capacitance values were 1951 pF, 1633 pF, 1420 pF
and 1315 pF at 5, 10, 15 and 20 cm, respectively. Moreover, Figure 5f shows the measured
capacitance change in dry diapers exposed to moisture. The capacitance value increased
when dry diapers were exposed to moisture. Owing to rapid response and recovery times,
our proposed GO-doped P(VDF-TrFE)/LiCl composite fabricated on the IDC electrode can
be used in real-time monitoring applications and humidity performances were compared
with previous studies, shown in Table 2.
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Figure 4. Measurements of the GO-doped P(VDF-TrFE)/LiCl-based sensor with noncontact results.
(a) Noncontact sensing of moisture on the human skin. (b) Results of noncontact sensing. (c,d) non-
contact moisture detection for the on/off of an LED light. (e,f) Noncontact moisture detection for the
on/off switching of an electric fan.
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Figure 5. Real-time monitoring of the GO-doped P(VDF-TrFE)/LiCl-composite-based humidity
sensor. (a) Schematic illustration of the experimental setup of the human respiratory monitoring.
(b) The capacitance changes of the GO-doped P(VDF-TrFE)/LiCl-composite-based humidity sensor
to deep, normal, and fast breathing. (c) The result of apnea and normal breathing processes. (d) An
image of the respiration monitoring with several distances between sensors. (e) Capacitance variation
of the distance between the sensor and the volunteer. (f) Diaper-wetting process.



Chemosensors 2023, 11,122

10 of 12

Table 2. Humidity performance of the GO-doped P(VDF-TrFE)/LiCl-composite sensor compared
with that of sensors from previous studies.

Sensing Material Preparation Method Measuring Range Sensitivity I{{&?‘?er;;eﬁﬁi Ref. #/Publishing Year
SnO, /rGO Hydrothermal synthesis 11-97% RH 1604.89 pF/%RH 120's 27/2016
PVDEF/Graphene Electrospinning 35-85% RH 0.0372 pF/%RH 19.8s 25/2017
P(VDF-TrFE)/Graphene flower Spin coating 8-98% RH 0.0558 pF/RH% 08s/2.5s 24/2021
GO-modified P(VDF-TrFE) Electrospinning 9-90% RH N/A 100's 26/2022
GO-Zn1—-xMnxO Drop casting 10-90% RH 2901 pF/%RH 45sand2ls 28/2022
GO-doped P(VDE-TrFE) /LiCl Drop casting 25-95% RH 1708.8 pF/%RH 78sand 4.5s This work

References

4. Conclusions

In this study, the GO-doped P(VDE-TrFE)/LiCl-composite thin film was successfully
fabricated on an IDC electrode with a simple fabrication process. Moreover, the GO-doped
P(VDF-TrFE)/LiCl composite was applied in humidity-detection-based noncontact sensing
and breath monitoring for the first time. The GO-doped P(VDEFE-TrFE)/LiCl composite
formed a nanoporous structure on the IDC electrode due to the effect of LiCl. As relative
humidity increased, LiCl was ionized into Li+ and Cl— on the IDC electrode. Furthermore,
LiCl improved the sensitivity of the composite film, but it did not exhibit properties of
noncontact sensing. Doping LiCl-contained P(VDF-TrFE) with GO increased the conductiv-
ity and reduced the response and recovery times. GO was highly sensitive to noncontact
sensing, meaning that sensing properties were increased through controlling the concen-
tration of GO. Our proposed sensor exhibited a high sensitivity of 1708.8 pF/%RH and
a linearity of 0.967, with a fast response time of 7.8 s and recovery time of 4.8 s at 25%
and 93% RH, respectively. Our proposed GO-doped P(VDE-TrFE)/LiCl-composite-based
humidity sensor can be used in various real-time noncontact sensing applications, such as
human health monitoring and noncontact electronic devices.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors11020122/s1. Figure S1: Detailed equiv-
alent circuit of IDC. (a) Front side of equivalent circuit with IDC electrode. (b) Top side of equivalent
circuit with IDC electrode. (c) Equivalent circuit without electrode. (d) Single equivalent circuit
design. Figure S2: SEM pictures. (a) P(VDF-TrFE) and (b) P(VDF-TrFE)/LiCl. Figure S3: Response
and recovery time curve of P(VDF-TrFE) /LiCl. Figure S4: Circuit of the non-contact sensing device.
Video S1: Comparison of non-contact sensing experiment of P(VDF-TrFE)/LiCl and GO-doped
P(VDF-TrFE) /LiCl compsoite based sensors.
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