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ARTICLE INFO ABSTRACT

Keywords:
Humidity sensor

A coating of polyacrylonitrile (PAN) nanofibers was prepared onto gold-coated quartz crystal microbalance
(QCM) sensors using an electrospinning method. Different deposition amounts of these nanofibers were obtained
QCM by controlling the deposition time. Subsequently, chitosan (CS) was spin coated onto these modified QCM sensors

Egllt(:canlonitrile to obtain coatings of CS-PAN composite nanofibers. The resulting construct was employed as a QCM humidity
Eleztrol;};inning sensor. Scanning electron microscopy (SEM), atomic force microscopy (AFM), laser scanning confocal micro-

scopy (LSCM), and Fourier transform infrared spectroscopy (FT-IR) were used to characterize CS-PAN composite
nanofibers in terms of their surface structure, morphology, roughness, dispersion, and composition. The humidity
sensing characteristics of the CS-PAN composite nanofibers were studied in detail by QCM. The CS-PAN com-
posite nanofiber modified QCM sensor responds strongly and reversibly to humidity, with a maximum frequency
response of -1470 Hz (11-98 % RH), a high fitting correlation coefficient (R? = 0.9998), and a fast response/
recovery time of < 4 s/33 s and 21 s/63 s at low and high humidity level, respectively. In addition, the QCM
sensor based on CS-PAN nanofibers show high selectivity, high repeatability and long-term stability. The two-
step electrospin/spin-coating fabrication of the high-correlation CS-PAN humidity sensor is not only facile and
cost effective, but also versatile in terms of nanofiber functionalization.

1. Introduction

Humidity detection and control plays an increasingly important role
in current daily life, industrial processing, and agricultural production,
such as medical diagnosis, respiratory monitoring, meteorology, semi-
conductor industry, and food storage [1-5] The rapidly growing demand
for humidity sensing has inspired many researchers to develop
high-performance, electronic humidity sensors. A variety of humidity
sensors (including those based on resistance [6], impedance [7],
capacitive [8], modes of working) and sensing materials (including
semiconductors, ceramics, carbon nanotubes [9], and organic polymers
[10-13]) with different sensing methods have been developed. Among
these approaches are interdigital electrodes (IDEs), sandwich capacitors,
surface-acoustic-wave resonators (SAW), thin film bulk acoustic reso-
nators (FBAR), capacitive micromachined ultrasonic transducers
(CMUTs), and quartz crystal microbalance (QCM) [14-17] QCM is

* Corresponding authors.

considered to be a strong candidate for the development of
high-performance humidity sensors due to its low cost, high stability,
and nanogram-level mass sensing capabilities [18,19] QCM is an
extremely sensitive detection instrument to surface and interfacial mass
changes with a high level of accuracy. Interestingly, QCM can also
achieve real-time detection and making it widely used in interfacial
studies in the field of chemistry, physics, biomedicine, and environ-
mental science [20-32]

The design and selection of moisture-sensitive materials is key in
determining the performance of QCM humidity sensors. A large number
of studies have confirmed that the hydrophilicity and specific surface
area of sensitive materials are the key factors affecting the sensitivity
and stability of QCM humidity sensitive sensors. In recent years, re-
searchers have developed many types of moisture-sensitive materials,
including ceramics [33], metal oxides [34,35], carbon materials [36],
and organic composites [37,38] Polymers are particularly interesting
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due to their remarkable diversity and flexibility in both structure and
function. Additionally, their low cost and the ease with which their
chemical and physical properties can be controlled across a wide ran-
ge—through (co)polymerization, grafting, and surface mod-
ification—further enhance their value. Moreover, the selectivity and
sensitivity of polymer films can be further tuned and boosted by func-
tionalization strategies.

Polymer-based affinity coatings have been widely used in various gas
sensors, humidity sensors, ion sensors and biosensors [3,39-45] For
example, Liu et al. sprayed a suspension containing chitosan and poly-
pyrrole onto a QCM sensor to obtain a composite CS/PPy film, which
resulted in an effective humidity sensor in the range of 0-97 %RH [3]
The hydrophilic structure of the affinity coating, combined with its
incomplete coating structure, were reported to be relevant for the
coating performance. Alternatively, Rianjanu et al. obtained a porous
structure by electrospinning polyacrylonitrile (PAN) nanofiber onto a
QCM sensor, which were then modified with polyethylenimine (PEI) by
means of drop casting to increase the hydrophilicity [39] This humidity
sensor showed a high sensitivity (164 Hz/ % RH) and high repeatability
in the range of 33-75 % RH.

However, compared to ceramics and metal oxides, affinity coatings
based on polymer films may suffer from poor mechanical properties and
changes in their viscoelastic properties upon moisture absorption, which
may negatively affect measurement results and sensor stability over
prolonged times [40] The introduction of crosslinks, increased stiffness
and/or inorganic materials into the polymer film may overcome such
problems. For example, Yang et al. used natural polymers to prepare a
series of green microspheres, including sodium alginate/polyglutamic
acid (SA/PGA), sodium alginate/sodium hyaluronate (SA/HA), sodium
alginate/sodium carboxymethyl cellulose (SA/CMC) by an emulsifica-
tion/internal gel method [41] The resulting stiff materials were depos-
ited on the surface of QCM sensors by drop casting and explored for their
use in humidity and respiratory monitoring. They found that SA/PGA
had the best sensing performance in the environment of 11-97 % RH,
and had an increased recycling and reuse property. In a composite-based
approach, Yuan et al. deposited graphene oxide/polyethylenimine
(GO/PEI) layered film on QCM sensors via spraying, which was applied
to humidity detection and found to have good moisture sensitivity
characteristics [42] Zheng et al. fabricated a QCM-based humidity
sensor based on a composite of polyvinyl alcohol/nano silica (PVA/-
SiO3), which showing a response to humidity as fast as 5s/21 s in a
highly linear fashion within the range of 11-85 % RH [43] Wu et al.
prepared a QCM humidity sensor based on graphene oxide (GO)-doped
composite hydrogel, and found that the sensor had different frequency
responses in different humidity environments [44]

While these examples show different approaches employed in the
development of affinity coatings, they also show complicated prepara-
tion process, high material cost, and insufficient prominence of corre-
lation coefficients. Chitosan (CS), as a natural polysaccharide polymer,
contains hydrophilic groups such as hydroxyl groups and amino groups,
which can be interact with water molecules under the action of
hydrogen bonding, making it an attractive candidate to prepare a hu-
midity affinity coating. At the same time, it has characteristics that
enable easy film formation, high biocompatibility, and low production
cost [46-48] However, dense polymer humidity sensor materials have
the disadvantage of low sensitivity and long response/recovery time in
the full humidity range. Electrospinning is a common method for
changing the micromorphology of polymers, and polymer nanofibers
with larger specific surfaces can be easily and rapidly produced [39,
49-51]

It is well-established that combining nanofibers with hydrophilic
polymers like chitosan enhances the sensitivity of QCM sensors. Similar
strategies employing different materials have been previously docu-
mented to improve surface area and molecular adsorption. Examples
include polyaniline (PANi)-coated polyvinyl acetate (PVAc) nanofibers
[52], Bamboo cellulose (BC)-coated PAN nanofibers [53], PVAc
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nanofibers coated with maltodextrin [54,55], and electrospun PAN
nanofibers mixed with citric acid (CA) [56]

It is important to note that the use of electrospun nanofibers com-
bined with chitosan rich in functional groups as an effective sensing
coating for QCM humidity sensors builds further on existing work
exploring similar composite structures [57,58] In this study, we fabri-
cated a CS/PAN composite humidity-sensitive coating on a QCM sensor
by 1) optimizing the electrospinning process parameters (specifically,
deposition time) to control the deposition morphology of the PAN fiber
layer, and 2) subsequently spin-coating CS solutions of varying con-
centrations. The influence of PAN deposition amount and CS coating
quantity on sensing performance was systematically investigated to
identify the composite structure with optimal humidity response
characteristics.

Furthermore, while previous work primarily relies on QCM fre-
quency changes alone to elucidate interactions between nanofibers/CS
and molecules, our approach simultaneously utilizes both the QCM
frequency shift (Af) and half-band-half-width (AI") shift. This dual-
parameter analysis allows one to reveal concurrent changes in mass
and viscoelastic properties of the CS-PAN nanofibers upon water mole-
cule adsorption. Therefore, in this work, the low-cost and easily avail-
able PAN electrospun nanofibers were introduced into the CS humidity
sensing system to obtain a CS-PAN composite, moisture-sensitive layer.
Due to their good mechanical stability, PAN nanofibers can provide a
stable rigid support for CS, reducing the energy dissipation caused by the
rise of viscoelasticity of CS after water absorption, while increasing the
specific surface area of CS. The sensing property, sensitivity, repeat-
ability, and selectivity of QCM humidity sensor based on CS-PAN com-
posite nanofibers, as well as its sensing mechanism, were studied.

2. Experimental section
2.1. Materials

Chitosan (CS, degree of deacetylation > 95 %, the viscosity is be-
tween 100 and 200 mPa-s) and polyacrylonitrile (PAN, P30T) were
purchased from Shanghai Zeye Biotechnology Co., Ltd., and Suzhou
Huihuang Fluoroplasticizing Co., Ltd., respectively. N,N-dime-
thylformamide (DMF), concentrated sulfuric acid (H2SO4), hydrogen
peroxide, acetic acid, deionized water, lithium chloride (LiCl), magne-
sium chloride (MgCl,), magnesium nitrate (Mg(NO3)2), sodium chloride
(NaCl), potassium chloride (KCl), and potassium sulfate (K3SO4) are all
of analytical pure and purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). QCM sensors (5 MHz, AT-cut quartz crystal
coated with gold electrode) were purchased from Suzhou Siju Bio-
materials Co., Ltd., Suzhou, China.

2.2. Cleaning of QCM sensor

Before each QCM experiment, QCM sensors were soaked in piranha
solution, i.e., a mixture of concentrated sulfuric acid and hydrogen
peroxide [25 %] with volume ratio of 7:3 (CAUTION: Piranha solution
reacts violently with organic matter; it is important to prepare the so-
lution in glassware that is free of any organic solvent and also by adding
by adding hydrogen peroxide to sulfuric acid slowly, not the other way
around!) for 15 min to remove any residues on the gold surface of QCM
sensor. After the sensor was taken from the solution, it was rigorously
rinsed with deionization water, before further rinsing it was ethanol and
deionization water (3 x), and finally drying it in a stream of high-purity
nitrogen. Cleaned QCM sensor were stored in a closed container until
their use in a QCM experiment.

2.3. Preparation of PAN nanofibers on QCM sensor

Fig. 1 shows a schematic illustration of the preparation of CS-PAN
composite nanofibers and the QCM sensor modified with CS-PAN for
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11-98% RH

Fig. 1. Scheme illustrating the different steps of the preparation of a PAN (blue) nanofiber coating via electrospinning onto a QCM sensor, the subsequent deposition
of CS (red) via spin coating to obtain a CS-PAN composite-coated QCM sensor, which is then used as a humidity sensor.

humidity test. First, PAN was dissolved in DMF, and then stirred for 6 h
for ensure complete dissolution. After stirring, this solution was then left
to stand for 3 h to eliminate bubbles, and was used to prepare PAN
spinning solution with a concentration of 10 % (w/w). The PAN solution
was then transferred to a 10 mL plastic syringe, which was mounted in a
electrospinning machine (QZNT-EO1, Foshan Nanofiberlabs Co., Ltd.,
Guangzhou, China). The QCM sensor was fixed on the collection roller of
this device, and subsequently PAN nanofibers were deposited on the
gold surface of the QCM sensor (Fig. 1, top left). The following spinning
parameters were applied: a DC voltage of 20 kV, a distance of 15 cm
between the nozzle and the collection roller, a syringe pushing speed of
1 mL/h, and a collection roller speed of 300 r/min. After the deposition
of PAN fibers was completed (deposition times were 30 s, 60 s, 90 s, 120
s, respectively), the modified QCM sensors were dried in a vacuum
drying oven at 60 °C for 12 h to remove any residual solvent.

2.4. Modification of PAN nanofibers with CS

In order to increase the affinity of the sensing layer for water mole-
cules, the PAN nanofibers on the surface of QCM sensor were modified
by spin-coating a CS solution using a spin-coating machine (KW-4A,
Institute of Microelectronics, Chinese Academy of Sciences, China). A
certain amount of CS powder was dissolved with 2.5 vol. % acetic acid
solution and the obtained mixture was stirred for 6 h at room temper-
ature. Light-yellow, transparent CS solutions were prepared with
different concentrations of 0.5 wt. %, 1 wt. %, 1.5 wt. %, 2 wt. % and 2.5
wt. %, respectively. The CS solution volume for spin coating was set to
be 100 pL. After spin coating, the QCM sensor modified with nanofibers
was dried in vacuum at 60 °C for 6 h to remove the residual liquid on the
sensor surface.

2.5. Humidity sensing settings

Different supersaturated saline solutions were used to provide
different relative humidity environments for the humidity tests. Lithium
chloride (LiCly), magnesium chloride (MgCly), magnesium nitrate (Mg
(NO3)3), sodium chloride (NaCl), potassium chloride (KCI), potassium
sulfate (KoSO4) supersaturated solutions provide an environment of
about 11 % RH, 33 % RH, 55 % RH, 75 % RH, 86 % RH, 98 % RH in jars,
respectively [59,60] The sensing test was performed at room tempera-
ture (~25 °C), and a QCM sensor coated with a coating of CS-PAN
composite nanofibers as moisture-sensitive sensing material was
placed in a QCM module and connected to a quartz crystal oscillator.
Taking an 11 % RH humidity environment as the basic humidity envi-
ronment, the moisture sensitivity characteristics of the CS-PAN nano-
fiber QCM humidity sensor were determined by recording the resonance
frequency shift (Af) caused by the change in mass load due to water
molecules upon the adsorption by the moisture sensing layer on the gold
electrode surface of the QCM sensor under different relative humidity
environments.

To correlate the changes in oscillation frequency with changes in
mass the Sauerbrey equation (Eq. (1)) was applied [61]:

0 Af,
T on

Am (€H)

where Am is the area mass density of the absorbing film (mass per unit
area, ng/cmz), Cis17.7 ng~cm'2-Hz’1, with an effective area for the QCM
sensor of 1.54 cm?, and Af, is the frequency shift at the harmonic
numbern (n =1, 3, 5,...).

2.6. Material characterization

The fiber diameter, surface structure, morphology, and roughness of
the moisture sensing layer were observed by high-resolution scanning
electron microscopy (SEM, JSM-6360LA, JEOL, Japan), atomic force
microscopy (AFM, Dimension Edge, BRUKER), and laser confocal mi-
croscopy (LSCM, Mahr MarSurf CM). A Fourier transform infrared
spectrometer (FT-IR, Thermo Nicolet iS10, USA) was used to acquire FT-
IR spectra of CS-PAN composite nanofiber coatings in the range of
4000-500 cm! at a resolution of 0.4 cm’l. The moisture-sensitive
characteristics and humidity responses of various CS-PAN nanofiber
sensitive films were detected by iQCM equipment (Model QCM-A DBY-
17, Hangzhou Longqin Advanced Materials Sci. & Tech. Co., Ltd.,
Hangzhou, China). X-ray diffraction (XRD) patterns were obtained by a
X-ray diffractometer (D/max 2500 PC, Rigaku, Japan). Thermogravi-
metric (TG) and derivative thermogravimetric (DTG) curves were
measured by a Thermogravimetric Analyzer (SDT Q600, TA, USA).

3. Results and discussion
3.1. Morphology and structure of cs-pan nanofibers

Fig. 2 shows SEM images of CS-PAN nanofibers with 2 wt. % CS at
PAN electrospinning times of 30 s, 60 s, 90 s, 120 s. All modified surfaces
showed a fiber structure with fiber lengths up to dozens, even up to
hundreds of microns. From these images an average fiber diameter of
294 + 90 nm was obtained (Fig. S1), resulting an aspect ratio of about to
>100:0.29. This dimensional result is consistent with typical electro-
spun fiber diameters reported in the literature, which commonly fall
between ~100 and ~800 nm [57,62] Furthermore, the amount of
deposited fiber on the surface increased significantly with the electro-
spinning time. The controlled deposition of CS onto the coating of PAN
fibers is aimed to provide a high-surface, hydrophilic affinity coating,
providing adsorption sites for water molecules when exposed to hu-
midity environment.

Fig. 3 shows SEM images of PAN fibers before (a, a’) and after (b, b’)
spin coating CS at the PAN electrospinning time of 90 s. From Fig. 3, it
can be observed that the surface of the bare PAN fibers (a, a’) is scaly and
not smooth, and after spinning CS (b, b’), it can be clearly seen that CS is
coated on the surface of the fiber. In addition, the surface smoothness of
the fibers is significantly improved, while after spinning CS, PAN can
still maintain its fibrous shape, and the overall morphology has a certain
stability. During coating fabrication, the CS solution was uniformly
dispersed onto the nanofiber-coated QCM surface using a micropipette.
A two-step spin-coating procedure was employed: an initial low-speed
coating (500 rpm, 15 s) step facilitated solution infiltration into the
fiber network, ensuring complete wetting of PAN surfaces. Subsequent
high-speed coating (2000 rpm, 45 s) expelled excess solution along the
fiber axis while forming a uniform residual film. A SEM image of an
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Fig. 3. SEM images of PAN fibers (prepared with an electrospinning time of 90 s) before (a, a’) and after (b, b’) spin-coating CS.

individual CS-PAN nanofiber (Fig. S2) reveals a smooth surface without
aggregates, confirming homogeneous chitosan dispersion within the
nanofibrous architecture.

Fig. 4 shows AFM maps of (3D and 2D cross-sectional profile, scan-
ning area: 10 pm x 10 pm) CS-coated PAN nanofibers at different CS
concentrations of 0.5 wt. %, 1 wt. %, 1.5 wt. %, 2 wt. %, and 2.5 wt. %.
From Fig. 4, it can be seen that the CS-PAN composite fiber sensing layer
has a three dimensional (3D) porous nanostructure. From the cross-
sectional profiles of these samples, it can be seen that all CS-PAN com-
posite nanofibers exhibit only slight contour differences with

undulations of around 1 pm. Fig. 4f presents AFM maps of pure PAN
nanofibers. It is noteworthy that the CS-coated PAN nanofibers largely
retained a fibrous morphology, showing no significant structural alter-
ation compared to the pristine PAN nanofibers. Based on the SEM and
AFM results, the deposition of different concentrations of CS onto PAN
nanofibers will not influence their 3D porous nanostructure.

Fig. 5 shows confocal laser scanning microscope images of pure CS
and PAN nanofibers deposited with different concentrations of CS
including 0.5 wt. %, 1 wt. %, 1.5 wt. %, 2 wt. %, and 2.5 wt. %. For all
these samples a surface area of 257 x 257 pm[2] was scanned, and the
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Fig. 4. AFM maps of (3D and 2D cross-sectional profile, scanning area: 10 pm x 10 pm) CS-coated PAN nanofibers at different CS concentrations: (a) 0.5 wt. %, (b) 1
wt. %, (c) 1.5 wt. %, (d) 2 wt. %, (e) 2.5 wt. %, and pure PAN nanofibers.
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Fig. 5. Confocal laser scanning microscope images of PAN nanofibers (scanning area: 257 pm x 260 pm) deposited with different concentrations of CS including (a)

0.5 wt. %, (b) 1 wt. %, (c) 1.5 wt. %, (d) 2 wt. %, (e) 2.5 wt. %. and pure CS (f).

root mean square (RMS) values of the surface roughness were obtained
according to the test results of LSCM. It was found that as the concen-
tration of the spin-coated CS solution increased from 0.5 wt. % to 2.5 wt.
%, the RMS value of CS-PAN composite nanofibers gradually decreased,
i.e. from 572, 559, 383, 359 to 343 nm, respectively. The RMS value of
pure CS coating is 151 nm. A possible explanation for this trend is that
with the increase of the concentration of CS solution, the deposition
amount of CS on the PAN nanofibers after spinning increases, and a large
number of CS molecular chains fill the three-dimensional network
structure of the PAN nanofibers, leading to the decreased surface
roughness of the PAN nanofiber sensing layer. However, compared with
the pure CS coating, the surface roughness of the CS-PAN nanofiber
sensing layer significantly improved, and the rough surface is more
conducive to improve the specific surface area of the sensing layer and
providing more binding sites for water molecule adsorption. The anal-
ysis so far shows that the physical deposition of hydrophilic CS chains
onto the surface of the electrospun PAN nanofiber does not significantly
change the fiber structure, and at the same time, it also increases the
roughness of the CS layer and the specific surface area of the whole PAN
nanofiber layer.

In order to facilitate comparisons between sensor configurations
quantitative estimates of the mass loading were made for the different
samples. The approach entailed initially measuring the resonance fre-
quency of a bare quartz crystal sensor in air to establish a baseline.
Subsequently, the resonance frequency shift (Af) was measured after
depositing either CS or the CS-PAN composite onto the QCM sensors.
The mass (Am) deposited on the crystal surface was then calculated
using Equation 1[61] The resulting mass loadings for the different
samples are presented in Table 1. The combination of a 2.5 wt. % CS
solution and a deposition time of PAN nanofibers of 90 s resulted in mass
loading of 0.112 mg, which is line with functional coating loadings in
comparable studies [53] Overall, the mass loading on the quartz crystal
surface can be precisely controlled by adjusting the electrospinning time

Table 1

Mass loadings per QCM sensor of different humidity-sensitive layers.
wt % CS PAN electro- Mass (1g)

spinning times (s)

2 30 52+2
2 60 87 +3
2 90 112+ 3
2 120 129 + 4
0.5 90 98 +2
1 90 105+ 3
1.5 90 108 £ 5
2 90 112+ 3
2.5 90 115+ 2

and CS mass fraction.

Fig. 6 shows the FT-IR spectra of CS, PAN, and CS-PAN composite
nanofibers, respectively. The FT-IR spectrum of CS has a wide and strong
absorption peak at 3416 cm™, which can be attributed to the stretching
vibration of hydroxyl groups [63] Also N—H stretching bands of the CS
amine groups are expected in this region, but these cannot be observed
due to the large contribution of the OH stretching vibration, a typical IR
pattern for chitosan [63] The absorbance peaks at around 2922 cm! and
2870 cm'! are attributed to the stretching vibration of C—H bonds. The
deformation vibrations of N—H bonds of primary amine appear at 1654
em™ and 1597 em™! [64], and the absorption at 1383 em’ s reflecting
the symmetrical deformation vibration of C—H. The FT-IR of PAN shows
a typical characteristic absorption peak at 2245 cm™, which can be
attributed by the C=N stretching vibration [39] The FT-IR spectrum of
CS-PAN had the characteristic absorption peaks of both polymers, con-
firming the deposition of CS on the surface of PAN nanofibers.

The XRD patterns of CS and the CS-PAN composite (Fig. S3). The
spectrum of CS exhibits a prominent crystalline peak at 20 = 20.12°,
ascribed to diffraction from the (110) crystallographic plane (d = 4.41
A, indicating a highly ordered molecular arrangement. In the XRD
spectrum of the CS-PAN composite nanofibers, distinct new diffraction
peaks emerge at 17.00° and 29.44° alongside the characteristic CS peak
at 20.12° These correspond to PAN’s (100) plane (d = 5.21 A) and (101)
plane (d = 3.03 A), respectively. Collectively, these observations

PAN/CS

Transmittance (a.u.)

I . 1 . 1 1 . L . 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 6. FT-IR spectra of CS (top, black), CS-PAN composite (middle, blue) and
PAN (bottom, red) nanofibers.
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confirm that both CS and PAN maintain their structural integrity
without significant crystal phase transformation during QCM humidity-
sensitive material fabrication. Fig. S4 presents the thermogravimetric
(TG) and derivative thermogravimetric (DTG) curves of CS and CS-PAN
composite nanofibers under N2 atmosphere. Both materials exhibit two-
stage decomposition behavior: CS shows 77 % total mass loss, while the
CS-PAN composite demonstrates 64 % total mass loss. This significant
reduction confirms the enhanced thermal stability imparted by PAN
nanofibers. In the DTG profiles, the first endothermic peak at 63.5 °C
corresponds to desorption of physically adsorbed water. The second
endothermic peak at 310.7 °C originates from thermal decomposition of
polymer backbones, with covalent bond cleavage and carbonization
occurring in the high-temperature region (>400 °C).

3.2. Humidity sensing

To explore the sensing performance of QCM humidity sensors with
CS-PAN composite nanofibers as moisture-sensitive coating materials,
and to optimize the parameters of QCM humidity sensors, QCM sensors
were placed in saturated saline humidity flasks with different relative
humidity (the switching time is <2 s). The response of the QCM sensor at
different relative humidity is expressed in frequency shifts (Af). Note
that the frequency shift of a QCM sensor exposed to the humidity of 11 %
RH caused by LiCl saturated saline solution was selected as the baseline.
When the relative humidity of the QCM sensor in the environment is
becoming high, the moisture-sensitive material on the surface of the
QCM sensor will adsorb more water molecules, and consequently the
resonance frequency shift of the QCM sensor will decrease due to the

(a)
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First, the effect of the deposited mass of the electrospun PAN nano-
fibers on the on the QCM sensor characteristics was investigated. As
explained and shown earlier, the deposited mass of PAN nanofibers on
the sensor surface can be controlled by the electrospinning time. When
the amount of fiber deposited is too small, it is difficult to construct a 3D
network structure on the sensor surface, and the specific surface area of
the main moisture-sensitive layer CS cannot be effectively improved.
Conversely, large mass loading on the QCM sensor surface results in a
reduced sensor resonance signal and an increased layer instability. In
this work, the amount of deposited PAN nanofibers is controlled by
varying the electrospinning time, and it can be seen from Fig. 7a that as
the electrospinning time increases from 30 s to 120 s, the frequency
shifts of the QCM sensor at different harmonics (n =1, 5 MHz; n = 3, 15
MHz; n = 5, 25 MHz) are all decreased, indicating that there are more
and more PAN nanofibers deposited on the QCM sensor surface. In more
detail, when the electrospinning time is 30 s, 60 s, 90 s, and 120 s, the
frequency shift of the QCM sensor at third harmonic (n = 3, 15 MHz) can
reach —620 Hz, —1138 Hz, —1409 Hz, and —1575 Hz, respectively.
After electrospinning the PAN nanofiber modified QCM sensor at
different electrospinning times, while maintaining the amount of CS
solution, humidity sensing tests were performed of which the QCM data
is presented in Fig. 7b Upon increasing the humidity gradually from 11
% RH to 98 % RH, the frequency shifts of all prepared CS-PAN modified
QCM sensors at the third harmonic (n = 3, 15 MHz) decreased signifi-
cantly. The frequency responses produced by the four CS-PAN nanofiber
modified QCM sensors in each relative humidity environment shows the
similar downward trend. However, it can be observed that compared
with the other three sensors, the frequency of the CS-PAN nanofiber
modified QCM humidity sensor with the PAN electrospinning time of 30
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s does not fully return to the baseline when the humidity is set to 11 %
RH environment. This result may indicate that the amount of PAN
nanofiber deposited on the surface of the QCM sensor is too small, and it
is difficult to act as a rigid nanoporous network in the CS coating. In
addition, CS as a soft and hydrophilic polymer coating has a certain
viscoelasticity after exposing it to higher levels of humidity, the oscil-
lation energy of the QCM sensor will be dissipated in the CS coating,
leading to energy loss. This may explain why the resonance frequency of
the modified QCM sensor does not fully return to the baseline.

The relationship between the frequency response of the QCM sensor
and the relative humidity level does not show a linear trend, but rather
exhibits an exponential behavior. According to the Brunauer-Emmett-
Teller (BET) theory [65], the adsorption capacity of water molecules
by QCM sensors is approximately logarithmic at different relative hu-
midities, and water molecules may be adsorbed by multilayer adsorp-
tion on CS-PAN composite nanofibers, which is consistent, at least
qualitatively, with the test results. Fig. 7c and d show exponential and
logarithmic fitting curves of frequency shift of four CS-PAN nanofiber
modified QCM humidity sensors as a function of the humidity level
ranging from 11 % RH to 98 % RH. The correlation coefficient (R?) of
these fits is above 0.97, which indicates a high correlation between the
frequency change and the relative humidity. The unimodal exponential
fitting of the frequency changes and the relative humidity has a
maximum R? value of 0.9983 when the electrospinning time is 90 s,
suggesting the best fit within the investigated series. Therefore, for the
remaining part of this study, 90 s was chosen as the electrospinning
time, while unimodal exponential fittings were performed.

In the composite nanofiber sensing layer, the presence of amino and
hydroxyl groups in CS provide sites that allow the binding of water
molecules. This makes the amount of CS deposited on the surface of PAN
nanofiber a key factor affecting the humidity sensing property of QCM
sensors. Upon controlling the spin-coating conditions, including the
spin-coating solution volume, the loading amount of CS deposited on the
surface of PAN nanofibers can be controlled by varying the concentra-
tion of spin-coated CS solution. Fig. 8 shows fitting curves of the fre-
quency response of CS-PAN modified QCM humidity sensor using 0.5 wt.
%, 1 wt. %, 1.5 wt. %, 2 wt. %, and 2.5 wt. %

CS under different humidity conditions. From these data is become
clear that the frequency shift of the five CS-PAN nanofiber modified
QCM sensors generally decreases upon increasing concentration of the
CS solution. A high CS concentration, i.e., 2.5 wt. %, leads to a maximum
frequency response of 1470 Hz when increasing the humidity from 11 %

400 B 0.5 wi% CS-PAN
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Fig. 8. Fitting curves of the frequency response of CS-PAN modified QCM
humidity sensor using 0.5 wt. %, 1 wt. %, 1.5 wt. %, 2 wt. %, and 2.5 wt. % CS
under different humidity conditions.
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RH to 98 % RH. This is mainly because the higher the concentration of
CS solution: the larger the amount of CS deposited on the surface of PAN
nanofibers under the same conditions, the larger the amount of binding
sites for water adsorption. The fitting correlation coefficient R? of all
exponential fittings are >0.92, with a value as high as 0.9998 for the
data related to the 2.5 wt. % CS-PAN modified QCM sensor. This result
was superior to the previously reported materials that have been used in
QCM humidity sensors (Table 2). The sensitivity (S) of a QCM humidity
sensor is defined as the ratio of frequency shift to RH change, and in our
work S is up to 16.9 Hz/ % RH. In addition, the limit of detection (LOD)
value of our QCM humidity sensor is calculated to be 0.089 % RH. LOD
points to the lowest RH change that can be detected with the developed
device. Furthermore our study shows that if the concentration of the
coated CS solution is further increased, the vibration of the QCM sensor
is unstable or even stop vibrating.

To conclude this part of our work, for an electrospinning time of 90's,
a CS-PAN modified QCM sensor with a CS concentration of 2.5 wt. %
gives the best results in term of the fitting. Humidity sensing validation
experiments confirmed that this optimized fiber architecture and mass
loading effectively enhance the moisture response sensitivity of chitosan
coatings, meeting requirements for high-precision humidity sensing
applications.

Next, Fig. 9a shows the frequency response curve of a CS-PAN
nanofiber modified QCM humidity sensor in the range of 11 % RH to
98 % RH. It can be seen that the change in the resonance frequency
increases with the relative humidity, indicating more adsorption of
water molecules by the CS-PAN moisture-sensitive layer on the surface
of the QCM sensor. When the humidity to which the CS-PAN nanofiber
modified QCM sensor is exposed is set to the low humidity level again (i.
e. 11 % RH) the signal returns to the baseline. This full reversibility
indicates that the water molecules adsorbed by the moisture sensitive
layer are gradually desorbed. Fig. 9b shows frequency variations (Af)
and mass changes (Am) calculated using Eq. (1) for different humidity
values (33-98 % RH).

Response time and recovery time are important indicators to eval-
uate the practicality of humidity sensors and are usually reported to
reflect the response characteristics of the sensor [39] The response time
during adsorption or the recovery time during desorption is usually
defined as the time needed to reach 90 % of the full frequency shift of the
QCM humidity sensor [64] Fig. 9c and d show the response-recovery
time of the CS-PAN nanofiber modified QCM humidity sensor at the
low and high humidity level. It can be seen that the response-recovery
time of the CS-PAN nanofiber modified sensors in low humidity envi-
ronment (11-33 % RH) and high humidity environment (11-98 % RH) is
<4 5/33.4 s and 21 s/63 s, respectively. This significant difference may
be related to different mechanisms of water adsorption by the CS-PAN

Table 2
Selected data from reported QCM humidity sensor studies, including the results
of our work.

Materials Measurement Frequency Correlation Ref.
range ( % R-H) shift (Hz) coefficient(R?)

PAN-PEIL 33-75 —7112 0.994 [39]

PVA/nano- 11.31-85.11 <—1800 0.9990 [43]
silica

Bacterial 5-97 —1306 0.9980 [66]
cellulose

PDMAEM- 20-97 - 0.9860 [671
PGMA

PEI-PA6 2-95 —-1678 0.9988 [68]

PVA-ZnO 10-90 —43 0.9966 [69]

Cu(OH), 11-84 —6269 0.994 [70]

Cu(OH),-GO 0-80 —4170 0.9968 [71]

PPy 0-97 —2025 0.9973 [31]

PPy-CS 0-97 —5132 0.9975 [3]

CS-PAN 11-98 —1470 0.9998 This

work
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nanofiber moisture-sensitive materials at low humidity and high hu-
midity environments (vide infra). This would also explain the non-linear
relationship between frequency shift and relative humidity level.
Nevertheless, the CS-PAN nanofiber modified QCM humidity sensor has
a response-recovery time at different humidity environments as short as
45/33.4s.

The introduction of PAN nanofibers is not only aimed to increase the
deposited amount of CS chains after spinning coating on the QCM
sensor, increase the specific surface area of CS coating, and provide more
adsorption sites for water molecules, but also to provide increased ri-
gidity of the CS coating.

Fig. 10a presents the dynamic frequency response curves of a pure (i.
e., 100 %, so PAN-free) CS-coated and CS-PAN coated QCM humidity
sensor over 11-98 % RH. From Fig. 10a, it can be seen that the CS-coated
QCM sensor also responds to the relative humidity, but its frequency
change in the range of 11 % RH to 98 % RH is significantly smaller than
that of the CS-PAN nanofiber modified QCM humidity sensor (488 vs.
1470 Hz at 98 % RH). Next to mechanical stabilization, the use of PAN
nanofibers results in a threefold increase in sensitivity, which can be
attribute to synergistic interfacial effects. In addition, compared with the
CS-PAN nanofiber modified QCM sensor, the frequency signal of the CS-
coated QCM humidity sensor returns to the baseline when changing
from the high humidity environment to the low humidity environment.
Also, at high humidity, the desorption time of water molecules signifi-
cantly increased, and the resonance frequency of QCM sensor does not
fully return to the initial state. These differences can be understood by
the nature of CS, as it is a natural, hydrophilic polymer with a high
density of amino and hydroxyl groups, which can interact with — and
absorb — water molecules, making it easy to hydrate when exposed to
elevated humidity.

The increasing viscoelasticity of CS with increasing humidity results
in the dissipation of the energy related to the oscillation of the QCM

sensor, thus leading to a difference in the resonance frequency of QCM
sensor at different humidity. When PAN nanofibers are introduced in the
moisture-sensitive CS layer to support the rigidity of the coating,
resulting in an increased coating stability, the effect of humidity on the
sensing is less pronounced. Fig. 10b, ¢, and d show the humidity-
dependent frequency response curves of pure CS and CS-PAN nano-
fiber modified QCM sensors and the humidity hysteresis curves for pure
CS-coated and CS-PAN composite nanofiber modified QCM sensors,
respectively. Fig. 10b shows, for both samples, a comparable trend than
the data presented in Fig. 10a upon increasing humidity, albeit with a
slightly lower sensitivity effect due to PAN (1549.7 vs. 583.3 Hz at 98 %
RH, that is a factor of 2.66). Cycling back to a low humidity gives insight
in the hysteresis of the response. In more detail, this parameter refers to
the non-coincidence of the response curves of the sensor in the process of
the adsorption and desorption of water at different humidity levels. It
can be obtained by calculation the ratio of the maximum difference in
the adsorption and desorption response curves compared to the full scale
frequency change [41] The maximum hysteresis error (H,) of both QCM
humidity sensors is observed around 75 % RH. The introduction of PAN
nanofibers into the CS moisture-sensitive layer, results in a decrease of
the maximum hysteresis error decreases (from ~13 % RH to 9 % RH), a
reflection of the improved stability of the sensor coating.

Fig. 11a shows the QCM data of short-term (multiple hours) and
long-term (multiple weeks) repeatability experiment of the CS-PAN
nanofiber modified QCM humidity sensor. From Fig. 11a, it can be
seen that with an average frequency of 1431+31 Hz and a gradually
decrease from 1475 to 1407 Hz, the CS-PAN nanofiber modified QCM
humidity sensor shows a good repeatability over five consecutive
changes from 11 to 98 % RH. The stability of the CS-PAN nanofiber
modified QCM humidity sensors exposed in 33 % RH, 55 % RH, 75 %
RH, 86 % RH, and 98 % RH environments was tested over 15 days, and it
can be seen from Fig. 11b that the difference in the frequency response
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of the sensors is within 2.45 %.

Next, a comparative analysis of AL variations between CS-
functionalized and CS-PAN-functionalized QCM sensors over 11-98 %
RH was performed (Fig. 12a). Usually, AT is used to characterize the
viscoelastic performance of a thin layer or film on QCM sensors [25] The
presence of a rigid, thin layer results in a small AI" value, possibly close
to 0, while a soft, wet, and hydrated layer results in higher AT, up to a

10

few dozens [20,30] When the CS-PAN nanofiber layer is loaded on the
surface of QCM sensor, the resonance frequency of the sensor decreases
due to the increase in mass, as explained earlier, and the A" becomes
larger accordingly, pointing to a hydrated, soft film.

From Fig. 12a, it can be observed that the AT values of both QCM
humidity sensors increase upon increasing the humidity level. This is the
result of an increased energy loss due to higher levels of water
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Fig. 12. (a) Half-band-half-width shift (A") of CS and CS-PAN modified QCM humidity sensors exposed in different humidity environment and (b) Frequency
responses of CS-PAN nanofiber modified QCM humidity sensor to various gases.

adsorption and - consequently — increased viscoelasticity of the mois-
ture sensitive layer. In more detail, the AI' value for the pure CS-coated
QCM sensor increased by 22.7 Hz upon increasing the humidity from 11
% to 98 % RH. In contrast, the CS-PAN composite-coated sensor
exhibited a significantly smaller AT increase of only 11.9 Hz, repre-
senting a reduction by almost a factor of two compared to pure CS. The
observed AI' changes indicate that water molecules interact with amino
groups in CS through hydrogen bonding, causing structural rearrange-
ments and increased viscoelastic dissipation as the sensing coating hy-
drates. Upon the introduction of PAN nanofibers as the supporting
framework of CS, AI' decreased, proving that the stability of CS-PAN
nanofiber modified QCM humidity sensor in high humidity environ-
ment has been improved. The attenuated AT rise in the CS-PAN modified
sensor confirms that PAN nanofibers provide mechanical stabilization,
thereby suppressing humidity-induced softening of the chitosan matrix.

Fig. 12b shows the results of the selectivity testing of this CS-PAN
nanofiber modified QCM humidity sensor in 33 % RH, 98 % RH, and
five common volatile organic compounds (VOCs, here ammonia, n-
hexane, xylene, formaldehyde, and ethanol). Compared to water, the
results show low QCM responses to other gases, indicating a high
selectivity and suitability for humidity sensing. Note that the concen-
tration of VOCs was controlled by adding a 10 pL of liquid into a
container with a fixed volume of 3.375 L, and QCM tests were then
performed after the organic gas volatilization was allowed to reach
equilibrium in 30 mins.

3.3. Sensing mechanism of CS-PAN modified QCM sensor

The QCM results show that, compared with pure CS-coated QCM
sensor, CS-PAN composite nanofiber modified QCM humidity sensor has
better humidity sensing characteristics. On the one hand, CS contains a
large number of hydrophilic functional groups, including amino and
hydroxyl groups, which can provide a large number of adsorption active
sites for adsorbing water molecules by forming hydrogen bonds. On the
other hand, PAN nanofibers can act as a supporting framework in CS,
which not only has a porous structure, which increases the surface area
of CS, but also provides a certain rigid structure for the natural polymer
CS, reducing the energy loss caused by viscoelasticity during the sensor
oscillation, and improving the sensing stability of the moisture-sensitive
layer. In addition, the porous network structure of PAN nanofibers
loaded on the surface of QCM sensor allows more adsorption of CS
chains onto the PAN nanofibers. The water adsorption site can be further
improved. In the synergy of many aspects, it plays an important role in
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ensuring the moisture sensitivity characteristics of the CS-PAN modified
QCM humidity sensor.

The humidity sensing of prepared QCM sensors mainly relies on the
interaction of water molecules with the amino groups and hydroxyl
groups on the CS surface. Water molecules can form hydrogen bonds
with these hydrophilic groups. Fig. 13 shows a schematic of the CS-PAN
composite nanofibers onto which water molecules are adsorbed under
two different humidity environments: low (left) and high (right) hu-
midity. In a low humidity environment, the number of water molecules
is small, and the number of available adsorption sites on the moisture-
sensitive CS-PAN layer is relatively sufficient. Under these conditions,
the water molecules are adsorbed, the hydrogen bonds are formed, and
the equilibrium is reached quickly. In a high humidity environment,
excess water molecules will combine with the first adsorbed water
molecules in the form of hydrogen bonds, and more water molecules will
enter the humidity-sensitive layer, resulting in the swelling of the
humidity-sensitive layer, further affecting the frequency shift and
significantly increasing the response time of QCM sensors.

4. Conclusions and outlook

A QCM humidity sensor based on CS-PAN composite nanofibers was
prepared successfully by compounding functional and hydrophilic CS
with electrospun PAN nanofibers using a simple spin-coating method.
The combination of a 2.5 wt. % CS solution and a deposition time of PAN
nanofibers of 90 s resulted in a CS-PAN nanofiber modified QCM hu-
midity sensor showing optimal sensing characteristics with a high fitting
coefficient (R2:0.9998), high sensitivity (16.9 Hz/ % RH), low humidity

Low
humidity

High
humidity

@® Ho

Hydrogen bond

Fig. 13. Scheme illustrating the adsorption of water molecules onto CS-PAN
composite nanofibers under two different humidity environments: low (left)
and high (right) humidity.
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hysteresis (8.8 % RH), and short response recovery time (at low hu-
midity < 4 s/33 s, at high humidity 21 s/63 s), good repeatability,
stability, and high selectivity. The frequency changes increased upon
increasing amounts of CS, which can be understood by the increased
number of sites that are able to interacted with water. The addition of
PAN does not only result in increased accessibility of these sites, it also
proved to contribute to the stability of the coating.

To conclude, this composite sensor concept, based on electro-
spinning polymer fibers following by spin-coating a hydrophilic
biopolymer, has the potential to be used for the intelligent detection of
real-time humidity at room temperature and/or the diagnosis of medical
and respiratory monitoring. More generally, the further development of
gas sensors is expected to benefit from technological advancements in
the field of learning-based strategies focusing on sensor performance
[72] and the required characteristics of (bio)nanomaterials [73], which
is also relevant for affinity coating innovations in a broader field [74],
including self-powered [75], flexible [76], and wearable sensors [77]
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