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Ultrasensitive, stretchable, and transparent humidity sensor based on ion-
conductive double-network hydrogel thin films

Zixuan Wu'?, Qiongling Ding', Zhenyi Li'", Zijing Zhou!, Luqi Luo', Kai Tao? Xi Xie' and Jin Wu'"

ABSTRACT Ion-conductive hydrogels with intrinsic bio-
compatibility, stretchability, and stimuli-responsive capability
have attracted considerable attention because of their ex-
tensive application potential in wearable sensing devices. The
minijaturization and integration of hydrogel-based devices are
currently expected to achieve breakthroughs in device per-
formance and promote their practical application. However,
currently, hydrogel film is rarely reported because it can be
easily wrinkled, torn, and dehydrated, which severely hinders
its development in microelectronics. Herein, thin, stretchable,
and transparent ion-conductive double-network hydrogel
films with controllable thickness are integrated with stretch-
able elastomer substrates, which show good environmental
stability and ultrahigh sensitivity to humidity (78,785.5%/%
relative humidity (RH)). Benefiting from the ultrahigh sur-
face-area-to-volume ratio, abundant active sites, and short
diffusion distance, the hydrogel film humidity sensor exhibits
2 x 10° times increased response to 98% RH, as well as 5.9 and
7.6 times accelerated response and recovery speeds compared
with the bulk counterpart, indicating its remarkable thickness-
dependent humidity-sensing properties. The humidity-sen-
sing mechanism reveals that the adsorption of water improves
the ion migration and dielectric constant, as well as establishes
the electrical double layer. Furthermore, the noncontact hu-
man-machine interaction and real-time respiratory frequency
detection are enabled by the sensors. This work provides an
innovative strategy to achieve further breakthroughs in device
performance and promote the development of hydrogel-based
miniaturized and integrated electronics.

Keywords: stretchable hydrogel, humidity sensor, thin-film,
ultrasensitive, wearable application

INTRODUCTION

Conductive hydrogels featured with the effective integration of
mechanical stretchability and conductivity, are currently one of
the most widely investigated materials in flexible and stretchable
electronics and have shown considerable application potential in
wearable/portable electronics, energy storage devices, artificial
intelligence, biomedicine, and other fields [1-6]. Particularly,
hydrogels can be exploited to prepare various sensors to detect
strain/pressure, temperature, humidity, and gas by converting

these external stimuli into detectable electrical signals (resistance
or capacitance variations) [7-16]. Despite their intriguing
stretchability, flexibility, and transparency in fabricating wear-
able electronics, the mechanical properties, miniaturization, and
stability of hydrogel-based devices still demand improvement
for practical applications. To this end, considerable effort has
been devoted to improving and optimizing the electro-
mechanical properties and functionalities of hydrogels, such as
introducing multiple networks, adding nanofillers, and mod-
ifying functional groups [17,18]. Equally important is the min-
iaturization of hydrogels, which is necessary for the
development of miniature smart electronics in the future. Thus,
the preparation of stable and stretchable hydrogel thin films
with minimum thickness for developing high-performance and
miniaturized devices is imperative. However, some challenges
severely hinder the development of hydrogel films. First, the
crosslinking at the interface of the hydrogel is usually poor, and
the resulting micrometer-scale defects on the surface cause the
mechanical properties of the hydrogel film to deteriorate sharply
as the thickness of the hydrogel decreases [19]. Moreover, the
hydrogel will inevitably be gradually dehydrated in ambient air
and frozen at low temperatures, leading to the deterioration of
both material shape and various properties, which becomes
more serious after the thickness decreases because of the large
contact area with the surrounding environment. Even for
humidity-sensing applications, the inevitable dehydration of
hydrogels limits the detection range [20-22].

Humidity detection has practical significance in our lives. For
example, human skin is a typical humidity source; therefore, the
high-precision detection of the humidity field around it can be
expected to realize a noncontact human-machine control sys-
tem, which helps solve the inevitable abrasion, pollution, and
virus transmission problems caused by traditional contact sen-
sing [23]. Moreover, the humidity of the exhaled air is closely
related to human health; thus, the development of high-preci-
sion humidity sensors can play an important role in the real-
time monitoring of human health [24]. Particularly, the mon-
itoring of human respiration is useful and convenient for eval-
uating the health condition of patients in the current global
COVID-19 pandemic [25]. Currently, various humidity sensors
based on graphene and its derivatives [26-36], metal oxides or
sulfides [37-43], and conducting polymers [44,45] have been
developed based on the changes in the electrical properties (i.e.,
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capacitance, resistance, and impedance) or weight of these
materials after adsorbing water molecules [37,46-48]. Never-
theless, most humidity sensors have suboptimal sensing per-
formance and lack flexibility. To address this problem, more
hierarchically structured nanomaterials with high specific sur-
face areas are designed to produce a high humidity response,
and flexible substrates are always utilized. For example, Lan et al.
[28] used laser direct writing technology to induce the formation
of graphene oxide on flexible interdigital electrodes, and the
resulting flexible humidity sensor exhibited a low hysteresis,
high sensitivity, and excellent stability of <1% response variation
within one year. Notably, this sensor can be directly attached to
plant leaves for the detection of subtle relative humidity (RH)
changes caused by plant leaf transpiration. Zhang et al. [37] used
self-assembly technology to prepare a flexible humidity sensor
based on tin disulfide nanoflowers and zinc stannate hybrid
thin-film. The large specific surface area of tin disulfide nano-
flowers accelerates the adsorption and desorption processes of
water molecules on the surface of the film. The hollow nano-
sphere structure of zinc stannate also has a large surface area and
facilitates the contact and charge transfer of water molecules.
Although limited flexibility is achieved, the lack of stretchability
of these sensing materials limits their further development in
stretchable and wearable electronic applications. Therefore, the
development of stretchable humidity sensors using intrinsically
stretchable materials is highly desired.

Notably, the water-rich hydrogel exhibits good sensitivity to
water molecules in the environment and can electrically respond
to external changes in RH because of the rapid adsorption and
desorption of water molecules. More importantly, the stretch-
ability of the hydrogel can be easily improved by introducing
more non-covalent interactions to the network to effectively
dissipate energy, resulting in a humidity sensor with better
stretchability. For example, Wu et al. [7] exploited a one-step
polymerization method to prepare a polyacrylamide (PAM)/
carrageenan double-network (DN) hydrogel, and on this basis, a
stretchable, transparent, and self-repairing humidity sensor was
recently prepared. Although some hydrogel-based humidity
sensors have been reported, their responsiveness has not been
improved, and the growing demands of practical application are
difficult to meet [7,49,50]. This problem can be attributed to the
low surface-area-to-volume ratio of the current bulk hydrogel
material and the limited diffusion of external stimuli inside the
hydrogel, and the exploration of some strategies that can con-
siderably improve the sensitivity of the hydrogel-based humidity
sensor is highly desired. Thus, the construction of hydrogel films
can significantly enhance the responsiveness of hydrogels to
humidity because of the ultrahigh surface-area-to-volume ratio
and abundant active sites. Taking into account the advantages of
the hydrogel film structure, for example, a 150-pm-thick
hydrogel film is used as the electrolyte of a wearable electro-
chemical biosensor to achieve the measurement of transcuta-
neous oxygen pressure; this ultrathin porous structure of the
hydrogel film is conducive to the rapid penetration of oxygen
molecules diffused from the skin surface [51]. Moreover, the
reduction of the thickness of the hydrogel will correspondingly
lead to an increase in light transmittance, which can con-
siderably broaden its application in fields with high optical
requirements [52]. Notably, detailed quantitative studies of the
influence of the thickness of the hydrogel on the humidity-
sensing performance are still lacking [7]. Overall, the develop-
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ment of stretchable hydrogel thin films may provide a new
perspective for the design of miniaturized electronic devices with
high sensing performance. However, research on hydrogel thin-
film-based humidity sensors is rare. Furthermore, more in-depth
exploration and research on their sensing mechanism are
required [53,54].

Inspired by these observations, in this study, PAM/carragee-
nan hydrogel thin films were successfully integrated with the
plasma-treated elastomeric polydimethylsiloxane (PDMS) sub-
strate for the preparation of intrinsically stretchable, transparent,
and high-performance thin-film humidity sensors for the first
time (Scheme 1). The thicknesses of hydrogel films can be
readily tuned by adjusting the speed of spin-coating, and the
minimum thickness reached 6.06 um. By immersing the
hydrogels in a lithium bromide (LiBr) solution, their drying and
frost resistances were enhanced (Fig. 1). The influences of LiBr
concentration, working frequency, and film thickness on the
sensor performance were systematically explored. For the 6.06-
pum-thick hydrogel film, its capacitance changed by up to
5,500,000% as the RH increased from 11% to 98%, and its
sensitivity reached as high as 78,785.5%/% RH (Scheme 1Ic),
indicating 2 x 10° times increased response to 98% RH com-
pared with the bulk counterpart. Moreover, the thin-film sensor
exhibited a short response/recovery time (i.e., 201 and 41 s) and
good repeatability (0.4% error for four cycles), which indicates
5.9 and 7.6 times accelerated response and recovery speeds
compared with the bulk counterpart, respectively, showing the
remarkably boosted sensing performance compared with that
reported in previous studies. Through complex impedance
spectroscopy, the adsorption behavior and internal electrical
changes of the hydrogel film under different RH ranges and the
sensing mechanism were analyzed in depth. More impressively,
compared with the ultrahigh response to humidity, this sensor
was nearly insensitive to temperature and pressure, indicating
excellent selectivity. As a consequence, this ultrasensitive
humidity sensor could realize noncontact detection of humidity
around human skin, and the response changed accordingly as
the finger gradually moved away from the sensor. Meanwhile,
this ultrasensitive humidity sensor could be utilized to detect the
subtle RH changes caused by human breathing under different
frequencies. The intriguing performance and practical applica-
tions reveal the potential of this stretchable hydrogel film
humidity sensor for wearable applications.

EXPERIMENTAL SECTION

Preparation of PAM/carrageenan DN hydrogel precursor solution
A hydrogel precursor solution was produced by mixing acryla-
mide (7.5 g), carrageenan (1.5 g), N,N-methylene-bis-acrylamide
(5 mg), chloride (KCl; 90 mg), photoinitiator (Irgacure 2959;
100 mg), and deionized water (41 mL) in a flask. After stirring at
95°C in an oil bath for 5h, each component was dispersed
uniformly.

Preparation of the bulk hydrogel

The as-prepared hydrogel precursor was poured into a glass
petri dish with a diameter of 60 mm. Then, the petri dish was
placed in a refrigerator at 6°C for 1 h. After refrigeration, the
first network of k-type carrageenan was formed. Then, an
ultraviolet (UV) lamp was deployed to irradiate the sample for
2h to induce the polymerization of acrylamide. Finally, the

2541



ARTICLES

SCIENCE CHINA Materials

Hydrogel-based
thin film humidity sensor

U

Wearable
application

Breathing

8.

P

Scheme 1

Stretchable and flexible

Transparent

L 4

e,

Ultrasensitive

€ 4x108

S Bulk
< 3x106 85% ——Thin film
@ 2 75%
G
=I1x105 59:;/?5 o
5 (1% 339 209
11% RH
0 1000 2000 3000 4000 5000
Time (s)

(a) Schematic of the hydrogel film humidity sensor with high deformability and its practical application in respiration monitoring. (b) Photograph

showing the hydrogel film with excellent transparency, as denoted by the white marks beneath the film. (c) Dynamic capacitance responses of bulk and thin-
film hydrogel sensors under different RH ranges indicate the ultrahigh sensitivity of the film sensors.
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Figure 1  Effects of LiBr on the anti-drying and anti-freezing capabilities of the hydrogel. (a) Morphology evolution of the original hydrogel (none) and LiBr-
percolated hydrogels with different LiBr concentrations when placed in a dry environment at 25°C and 43% RH for 0-48 h. (b) Curves of the weight losses of
these hydrogels during the course. (c) DSC spectra of these hydrogels. (d) Proportions of freezing and nonfreezing water in these hydrogels.

original hydrogel with a DN structure was formed. For com-
parison, the original hydrogel was cut into 1 cm x 0.5 cm bulk
hydrogels, which were then immersed in LiBr solution with
different concentrations (1-4 mol L™!) for 2 h to prepare bulk

hydrogels with different LiBr contents for the investigation of
their properties.

Preparation of the thin-film hydrogel

The preparation process of PAM/carrageenan hydrogel film is
shown in Fig. 2b (right). The PDMS precursor was prepared by
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mixing Dow Corning 184 and the corresponding curing agent
with the ratio of 10:1 in a plastic cup. Then, the prepolymer was
homogenized in a rotating and revolving mixer for 60 s. A heat-
resistant tape was wrapped around the 3 cm x 3 cm aluminum
(Al) sheet, which facilitates the peeling off of the film sensor
after the preparation of the hydrogel film. Approximately 2 g of
PDMS prepolymer was spin-coated onto the Al sheet at a
rotation speed of 1000 r min™" for 30s. Subsequently, the Al
sheet was placed on a hot plate at 80°C to cure PDMS for 2 h.
Before spin-coating the hydrogel precursor onto the PDMS-
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Figure 2 (a) Schematic illustrating the structure of LiBr-PAM/carrageenan DN hydrogel. (b) Scheme showing the fabrication process of the hydrogel thin-
film-based humidity sensor via a layer-by-layer spin-coating technology. (c) Photographs showing the cross-sectional profiles of the thin-film sensors
fabricated using the spin-coating speeds of 1000, 500, and 250 r min~', generating hydrogel layers with thicknesses of 6.06, 10.53, and 12.73 um, respectively.
(d) Curves of the thickness changes of the hydrogel film with the spin-coating speed. (e) Visible light transmittance of the sensors fabricated with the spin-
coating speed of 500-1000 r min~". (f) The contact angles of water on the 1 mol L™ LiBr-percolated hydrogel films with thicknesses of 6.06, 8.12, and

10.53 pm are <10.0° 37.9° and 51.8°, respectively.

coated Al sheet substrate, the PDMS substrate was treated with
oxygen plasma for 5min (120 W) to render it hydrophilic.
Afterward, hydrogel films with different thicknesses were
obtained by spin-coating 5 mL of the hydrogel precursor onto
the PDMS substrate under different speeds for 30 s and poly-
merizing them in the same manner as bulk hydrogels (cooled at
6°C for 1 h and UV irradiation for 2 h). The difference is that,
before UV irradiation, to effectively prevent the rapid dehy-
dration of the hydrogel precursor solution because of the
excessively high temperature of the UV lamp, 2 mL of LiBr
solution with different concentrations was dropped on the sur-
face of the sample, which could promote the crosslinking of the
hydrogel. After the photopolymerization was completed, the
LiBr solution was poured out, and the residual solution on the
surface of the hydrogel film was absorbed by a filter paper.
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Material characterization

The UV-visible (vis) spectra were recorded using a UV-vis
spectrophotometer (Thermo Fisher, Inc. Evolution 220) with a
wavelength of 390-780 nm. The differential scanning calori-
metry (DSC) spectra were recorded using a differential scanning
calorimeter (Netzsch, DSC-204 F1) at a cooling rate of
5°C min™' from 25 to —120°C with nitrogen flow. The strain-
stress curves were obtained using an Instron machine (S6566).
The contact angles were acquired at the moment when a water
droplet (5 pL of deionized water) was dropped on the surface of
hydrogel films using a contact angle measurement instrument
(Beijing Audelino Instrument Co., Ltd. OCA15EC).

Humidity-sensing measurement
The hydrogel film was cut into a sheet with the size of 1 cm x
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0.5 cm to measure the resistance and capacitance using an LCR
meter (Tonghui, TH2832, 200 Hz-200 kHz). Different RH ran-
ges were obtained using bottles containing different saturated
salt solutions. Specifically, saturated potassium sulfate (K,SO.),
KCl, sodium chloride (NaCl), sodium bromide (NaBr), potas-
sium carbonate (K,CO;), magnesium chloride (MgCl,), potas-
sium acetate (CH3COOK), and lithium chloride (LiCl) solutions
provided 98%, 85%, 75%, 59%, 43%, 33%, 22%, and 11% RH,
respectively (calibrated by a digital thermo-hygrometer (CEM,
SA615)). For the detection of RH in each cycle, the hydrogel film
was placed in the bottle with 11% RH for signal stabilization,
moved to another bottle with a different RH to respond for
300 s, and moved back to the original bottle for 300 s for signal
recovery (Fig. S1). The response time of the experiment was set
as 600 s to evaluate repeatability.

RESULTS AND DISCUSSION

The easy drying and freezing of hydrogels considerably limit
their service life and usable environment, which are some of the
most important concerns for their practical application as sen-
sors. Here the incorporation of LiBr in the hydrogel significantly
inhibits its tendency to both dehydrate and freeze. As shown in
Fig. 1a, the morphologies of the original hydrogel (none) and
bulk hydrogels immersed in 1-3 mol L™ LiBr solution after
being placed in a dry environment of 25°C and 43% RH for
different periods were recorded. Results show that the original
hydrogel loses water at high speed, and its volume decreases
significantly after being left for 8 h. Thus, the hydrogel becomes
fragile after 48 h. By contrast, even after being left for 48 h, the
morphologies and volumes of the hydrogels immersed in
1-3 mol L™ LiBr solution did not decrease significantly, and
only a small amount of water was lost. The mass loss percentages
of the hydrogels immersed in 1, 2, and 3 mol L™ LiBr solutions
after 48 h are 74%, 62%, and 52%, respectively (Fig. 1b), which
proves that the anti-drying capability of the hydrogel is gradually
improved as the LiBr concentration increases. This finding
indicates the important role of LiBr in enhancing the moisture-
holding capability of the hydrogel. The hydrogel film without
LiBr percolation easily dries out and is fragile. The introduction
of LiBr prevents the cracking and failure of the thin-film sensor.
Furthermore, compared with the bulk hydrogel, the thin-film
hydrogel absorbs a higher proportion of water and LiBr during
immersion for 2 h. The calculated weight ratio of LiBr in the
thin-film hydrogel is 6.6%, which is 2.27 times higher than that
in bulk hydrogel and close to that in 1 mol L™ LiBr solution
(~8%), indicating the higher immersion efficiency of the
hydrogel thin film (Fig. S2 and Table S1). Meanwhile, the weight
change of the film after being stored under different RH ranges
for 12 h is shown in Fig. S3. The thin-film sensor (1 molL™!
LiBr) losses 20% weight of water after being stored at 25°C, 43%
RH for 12 h. However, the thin-film sensor absorbs water from
the air, which increases its weight to 91% of the initial state after
being stored at 25°C, 67% RH for 12 h. Notably, part of the
hydrogel is a small fraction of the mass of the film sensor
because of the PDMS substrate, indicating its high water
exchange efficiency with the environment, which is beneficial to
highly sensitive humidity detection.

Moreover, reducing the freezing point of the hydrogel is of
significance for its stable operation at a low temperature, and the
introduced LiBr can effectively inhibit the formation of ice
crystals in the hydrogel. The DSC curves (Fig. 1c) show that the
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freezing point of the original bulk hydrogel is —13.7°C, whereas
those of the bulk hydrogels after being immersed in 1, 2, 3, and
4 mol L™ LiBr solutions are —17.6, —24.9 , —26.5 , and —43.7°C,
respectively, showing gradually enhanced anti-freezing cap-
ability as the LiBr concentration increases. The hydrogel thin-
film sensor (1 mol L™ LiBr) maintains high flexibility after being
stored at 0°C for 12 h (Fig. S4). Generally, ice is an infinite
network of hydrogen bonds formed between water molecules
[55]. In this case, after the introduction of LiBr, lithium and
bromide ions can polarize with water molecules to form
hydrates, which are difficult to freeze at low temperatures,
generating the ice formation inhibition effects of LiBr. Quanti-
tatively, as shown in Fig. 1d, the total moisture content of the
original hydrogel is 81.68%, which specifically contains 32.06%
nonfreezing water and 49.62% freezing water. For the LiBr-
incorporated hydrogels, the proportion of internal nonfreezing
water gradually increases from 32.06% to 59.80% as the LiBr
concentration increases from 0 to 4 mol L™ LiBr, and the pro-
portion of freezing water gradually decreases from 49.62% to
12.62% accordingly [56]. This finding confirms the conversion
of free water to nonfreezing water after the introduction of LiBr.
Consequently, enhanced frost resistance is exhibited in the
hydrogel.

In the past, research on hydrogel-based humidity sensors
mainly focused on the exploration and modification of materials,
leaving the significant impact of the structure and size of the
hydrogel on the sensing performance unexplored [49,50,57-61].
Here, the humidity-sensing performance is enhanced, and the
device is miniaturized by utilizing hydrogel thin film as the
transducing material. As shown in Fig. 2a, b, the LiBr-incor-
porated PAM/carrageenan hydrogel thin films with controllable
thickness were fabricated on a PDMS thin film using the spin-
coating process with different speeds, which is described in
detail in the “EXPERIMENTAL SECTION”. More importantly,
we percolated LiBr into the hydrogel to prevent the dehydration
of the hydrogel during the polymerization process. Furthermore,
we wrapped the edges of the thin film with heat-resistant tape to
promote the peeling off of the as-fabricated thin film from the Al
substrate (Fig. 2b). To analyze the influence of spin-coating
speed on the thickness of hydrogel films, the cross-sectional
profiles of the hydrogel films prepared under different spin-
coating speeds are obtained under the same RH, as shown in
Fig. 2c. With the increase in spin-coating speed, the thickness of
the hydrogel film gradually decreases. Specifically, hydrogel
films with thicknesses of 14.03 + 1.46, 12.14 + 0.81, 10.96 + 0.59,
8.72 + 1.40, and 6.20 + 0.40 um were prepared using the spin-
coating speeds of 250, 350, 500, 750, and 1000 r min™", respec-
tively (Fig. 2d). Meanwhile, the thickness has a significant
impact on the transparency of hydrogel films. For the 10.53-um-
thick hydrogel film, the visible light (390-780 nm wavelength)
transparency is between 67.9% and 76.0%, which increases to
between 85.6% and 90.8% and between 89.8% and 94.8% when
the thickness is reduced to 8.12 and 6.06 pm, respectively
(Fig. 2e). This increase can be mainly attributed to less inter-
ference with visible light after the thickness is reduced, leading to
the visualization of the underlying substrate without impeding
the function of the sensor. Moreover, the hydrophilicity of the
hydrogel is another important parameter for humidity-sensing
applications, which correlates with the thickness of the hydrogel
film. As shown in Fig. 2f, the contact angles of water on the
hydrogel films with thicknesses of 10.53, 8.12, and 6.06 um are
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51.8°% 37.9° and <10.0° respectively, which are all <90°, indi-
cating that the surface of hydrogel films is hydrophilic. Fur-
thermore, the contact angle decreases remarkably as the
thickness of the hydrogel film decreases. This finding can be
attributed to the reduction of the difference in surface tension
between the hydrogel film and the water droplets, resulting in a
more hydrophilic surface [62]. Correspondingly, water mole-
cules can be easily adsorbed on the surface of the hydrogel film,
leading to high sensitivity in humidity sensing.

Subsequently, the dynamic capacitance variations of the
humidity sensors based on bulk and thin-film hydrogels in
response to RH ranging from 98% to 22% were compared, as
shown in Fig. 3a and Fig. S5. The thin-film humidity sensor
exhibits a reversible and rapid response process, indicating the
rapid adsorption and desorption of water molecules on the
hydrogel film. For a better comparison of sensitivity, the real-
time capacitance response curves of the two sensors were
combined and compared, as shown in Fig. 3b. The capacitance
response (AC/Cp) here is defined as the capacitance change
relative to the initial capacitance C, (the capacitance at 11% RH).
Under the same humidity, the response of the thin-film
humidity sensor is several orders of magnitude higher than that
of the bulk counterpart, indicating that the construction of the
hydrogel thin film has led to a significant increase in sensitivity.
Ideally, bulk and thin-film hydrogels can be regarded as rec-
tangular parallelepipeds with the same length and width (1 cm x
0.5 cm) but different thicknesses. Without considering the por-
ous structure and vapor diffusion in the hydrogel, their surface-
area-to-volume ratio can be simply defined as the external sur-
face area of the hydrogel divided by the volume. Consequently,
the surface-area-to-volume ratio of the bulk hydrogel with a

thickness of 0.5cm is calculated to be only 1 x 107 pm™,

whereas that of the hydrogel film with a thickness of 6.06 pm is
as high as 1.67 x 107" um™!, indicating an increment of 167
times. Furthermore, it is more difficult for the adsorbed water
molecules to diffuse into the inner part of bulk hydrogel, leading
to longer diffusion distance for both adsorption and desorption
of water molecules in comparison with the thin-film hydrogel.
Beyond that, the initial capacitances C, of the bulk and thin-film
humidity sensors are of the orders of 107 and 10™"' F, respec-
tively. Because the initial capacitance C, of the thin-film
humidity sensor is five orders of magnitude lower than that of
the bulk counterpart, the same amount of capacitance variation
AC caused by the humidity change leads to the increased
response of the thin-film humidity sensors.

To further systematically investigate the influence of the
thickness of the hydrogel film on the humidity-sensing prop-
erties, the responses of the humidity sensors based on different
thicknesses of hydrogel film are plotted as a function of RH
(from 11% to 98%), as shown in Fig. 3c. Among the four
thickness levels, the thinnest hydrogel film prepared at
1000 r min™" exhibits the highest capacitance responses of
1262% and 5,500,000% to 22% and 98% RH, respectively. By
contrast, the bulk hydrogel sensor exhibits the lowest capaci-
tance responses of 0.68% and 27% to 22% and 98% RH,
respectively. For the other two hydrogel films prepared at 500
and 750 r min~}, their capacitance responses to 98% RH are also
up to 175,000% and 627,400%, respectively, which are lower
than that of the thinnest hydrogel film but far exceed that of bulk
hydrogels. Hence, the sensitivity of the hydrogel to humidity
increases sharply as its thickness decreases. Particularly, at low
humidity, the capacitance response of the 6.06-pm-thick
hydrogel film sensor is 1855 times that of the bulk counterpart,
and at high humidity, it increases to as high as 203,703 times.
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Figure 3 Impact of the thickness of the hydrogel layer on the humidity-sensing performance. (a) Dynamic capacitance variations of the bulk hydrogel under
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Notably, the response and recovery speeds of hydrogel-based
humidity sensors are also highly dependent on the thickness.
The real-time response-recovery curves of hydrogel sensors with
different thicknesses in the detection of 43% RH are shown in
Fig. 3d, e. Rapid and reversible response and recovery processes
are achieved using a thinner hydrogel film. Herein, the response
and recovery times are defined as the time required to reach 90%
of the total change in response, as shown in Fig. 3e. The bulk
hydrogel sensor shows long response and recovery times of 1185
and 311 s, respectively. In comparison, the response times of the
thin-film humidity sensors prepared at 500, 750, and
1000 r min~! are reduced from 237 s to 210 and 201 s; mean-
while, the recovery time decreases from 161 s to 103 and 41 s,
respectively. These results indicate that the reduction of the
thickness of the hydrogel helps achieve the rapid adsorption and
desorption of water molecules on its surface, which is consistent
with the aforementioned contact angle measurement result.
Given that the humidity sensor needs to work under alter-
nating current voltage when measuring the capacitance response
(Fig. 4a), the influence of the test frequency on the performance
of the thin-film sensor with the same hydrogel thickness of
6.06 um was systematically investigated. As shown in Fig. 4b-d,
the dynamic capacitance variations of the hydrogel film
humidity sensor under different RH ranges were measured
under different frequencies. Notably, the capacitance value of the
sensor at 98% RH decreases from 100.8 nF to 66.6 and 21.2 nF
with the increase in operating frequency from 200 Hz to 500 and
1000 Hz, respectively. Similarly, when the RH is as low as 11%,
the capacitance values of the thin-film humidity sensor working
at 200, 500, and 1000 Hz are 14.7, 9.4, and 7.1 pF, respectively
(Fig. S6). Consequently, the response of the thin-film humidity
sensor to 98% RH at 200 Hz is as high as 3,718,317%, whereas
the responses at 500 and 1000 Hz are 908,836% and 388,601%,

respectively, indicating the remarkable dependence of the
response on the operating frequency (Fig. 4e). As plotted in
Fig. 4f, at the relatively high humidity (>59% RH), the sensitivity
of the thin-film humidity sensor at 200 Hz is as high as
78,785.5%/% RH, which is 4.4 and 11.6 times that of 500 and
1000 Hz, respectively. Even at the low humidity (<59% RH), the
sensitivity of the thin-film humidity sensor at 200 Hz reaches
18,484.7%/% RH, which is 3.8 and 5.4 times that of 500 and
1000 Hz, respectively. Presumably, the good sensitivity of the
thin-film sensor at low operating frequencies can be attributed
to the polarization of water molecules adsorbed on the hydrogel
layer at low frequencies, which correspondingly increases the
dielectric constant of the dielectric layer. Moreover, ions in
hydrogel layers at low frequencies can keep up with the gradual
change in the potential to form electrical double layers (EDLs)
[63]. Therefore, 200 Hz is selected as the best working frequency
in the experiment.

Herein, various representative stretchable humidity sensors
based on different materials, such as reduced graphene oxide/
polyurethane (RGO/PU) [57], WS, [58], acidified carbon
nanotube/PU (ACNT/PU) [59], spandex covered yarns/poly-
aniline (SCY-PANI) [60], GO/PDMS [61], poly(sodium 4-styr-
enesulfonate)/poly(diallyldimethylammonium chloride)-
agarose-PAM (PSS/PDAC-Agar-PAM) hydrogel [49], poly(vinyl
alcohol) (PVA/KOH) [50], poly(acrylamide-co-sodium acry-
late)/glycerol/Fe-citrate ~ fiber =~ (P(AAm-co-AA)/glycerol/Fe-
citrate fiber) [64], and poly(3-dimethyl (methacryloyloxyethyl)
ammonijum propane sulfonate)/(1-ethyl-3-methylimidazolium
ethyl sulfate)/poly(acrylic acid) (PDMAPS/IL/PAA) fiber/VHB
elastomer [65] are summarized in Table 1, along with a com-
parison of their sensing performance. In stark contrast, our
hydrogel thin-film humidity sensor exhibits an unprecedented
sensitivity (78,785.5%/% RH), which is several orders of mag-

a b 98% € 70  98%
S 1 —— 200 Hz 1001 ——200 Hz o 500 Hz
RH .
> 0 Wu%ﬂuﬁv—soo Hz o 80f 85% ™ 85% RH
= s = |
L -1 el —1000 Hz 3 60t 3 42
| = =
S 4ot s 28
2 3
& 20} 59% 8 14
0,
© 43% 339 22% J 43% 33% 20%
Hydrogel ot ot
11% RH . 11%RH )
— 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (s) Time (s)
d 25 e
9 100{ —®—200Hz ! 100k —=—<59% RH
9o ——1000 Hz
20l —=—500 Hz . —=—2>59% RH
= 5 85% RH m 801 —=—1000 Hz T socd
S| < o
3 £
g g 607 8 60k
< 10t ) 2
g g 07 2 40k
T 5| S @
o 43% O 201 3
33% 229 @ 20k
o} 04
11% RH T T T T T T T T
0 1000 2000 3000 4000 5000 20 40 60 80 100 200 Hz 500Hz 1000 Hz
Time (s) RH (%) Frequency

Figure 4 Relationship between operating frequency and sensing performance of the 6.06-um-thick thin-film hydrogel sensor. (a) Schematic diagram of the
thin-film sensor operating under different frequencies in the capacitance measurement mode. (b-d) Dynamic capacitance variations of the thin-film sensor in
response to 22% to 98% RH when operating at 200, 500, and 1000 Hz. (e) RH-dependent variation of AC/C, at the operating frequencies of 200, 500, and

1000 Hz. (f) Sensitivity of the thin-film humidity sensor versus frequency.
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Table 1 Comparison of the sensing performance of stretchable humidity sensors based on different sensing materials
Sensi terials Sensitivity (%/% RH) or Sensing range Response time/ Maximum T Sensing
cnsing materia response/% RH (% RH) recovery time (s) strain ransparency mechanism
RGO/PU [57] 0.118%/% RH 10-70 3.5/7 60% Yes Resistance
WS, [58] 2357/90% RH 20-90 5/6 40% Yes Current
ACNT/PU [59] 28%/95% RH 11-95 NA/NA 100% No Resistance
SCY-PANI [60] NA 20-90 116/NA 200% No Current
GO/PDMS [61] NA 20-90 NA/NA 3% Yes Capacitance
PSS/PDAC-Agar-PAM 327 kQ/13% RH, .
hydrogel [49] 23.9 kQ/85% RH 13-85 3/94 400% Yes Resistance
PVA/KOH [50] >70/ (81'75}?HI;H/ 1089% 64 935 0.4/2.6 383.6% No Current
P(AM-co-AA)/glycerol/Fe-citrate 47%/11% RH, .
fiber [64] 0%/90% RH 11-90 NA/NA 500% Yes Resistance
PDMAPS/PAA/IL fiber/VHB [65] 0.72 mV/% RH 5-70 NA/NA 1000% Yes Voltage
LiBr-PAM/carrageenan/PDMS 78,785.5%/% RH, 11-98 201/41 100% Yes Capacitance

[this work] 5,500,000%/98% RH

nitude higher than those of reported bulky hydrogel sensors and
miniature sensors based on low-dimensional materials, strongly
proving the optimization effect of hydrogel miniaturization on
the humidity-sensing performance of the hydrogel. Beyond that,
this sensor also exhibits a wide detection range (11%-98% RH),
fast response and recovery speeds (201/41 s), good stretchability
(100%), and high transparency. Therefore, this sensor has sig-
nificant advantages in practical wearable applications.

Notably, the PAM/carrageenan DN hydrogel is non-
conductive. Meanwhile, the addition of KCI during the synthesis
of the hydrogel not only promotes the formation of the double-
helix carrageenan network but also endows the hydrogel with
good ionic conductivity. Moreover, after the hydrogel is
immersed in the LiBr solution, LiBr exists in the hydrogel in the
form of ions, and the ionic conductivity of the hydrogel is fur-
ther improved. Therefore, in addition to the capacitance
response, the conductance responses of the hydrogel film
humidity sensors were investigated in this work. As shown in
Fig. S7, the capacitance and conductance of the thin-film
humidity sensor have the same trend in response to different RH
ranges. The conductance response of the thin-film humidity
sensor to 98% RH has also reached 454,414%, which is only an
order of magnitude smaller than the capacitance response.
However, the conductance measurement mode provides another
effective means to characterize the humidity-sensing perfor-
mance for practical application, and understanding the sensing
mechanism, which is complementary to the capacitance mea-
surement mode, is helpful. In the conductance measurement
mode, the increase in humidity leads to the migration of ions in
the hydrogel layer, thereby increasing the conductance.

Given the significant influence of LiBr content on the ionic
conductivity, its influence on the conductance change of the
hydrogel film under different RH ranges was explored, and the
amount of LiBr incorporated was controlled by the concentra-
tion of the LiBr solution. As expected, the results shown in
Fig. S8 indicate that the conductivity of the hydrogel film sensor
exposed to the same humidity increases as the concentration of
the LiBr solution increases. Notably, the sensitivity of the LiBr-
hydrogel film to humidity was negatively correlated with the
concentration of the LiBr solution. As shown in Fig. S9, the
measured conductance response of the hydrogel film sensors
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immersed in 1 mol L™' LiBr solution exhibits an exponential
increase with the increase in humidity, whereas both film sen-
sors immersed in 2 and 3 mol L™ LiBr solutions exhibit a linear
increase. As a result, the response of the hydrogel film to
humidity decreases with the increase in LiBr, and when exposed
to 98% RH, the response of the hydrogel film sensor immersed
in 1 mol L™! LiBr solution is 69.3 and 130.4 times higher than
that of the film sensors treated with 2 and 3 mol L™! LiBr,
respectively. This finding can be attributed to the poor moisture
desorption capability of the hydrogel under high LiBr content
because of the excellent moisture-holding capability of LiBr. In
detail, the relatively high conductivity of the hydrogel is still
maintained at low humidity because of the high water content,
which is inconducive to subsequent changes in conductivity
upon the variation of environmental humidity, resulting in a
reduced response. As shown in Fig. S8, comparing the recovery
process (decrease in conductivity) of each sensor, the con-
ductance of the hydrogel film sensor immersed in 1 mol L™
LiBr solution decreases rapidly to the baseline, whereas the
conductance of the other two sensors shows a smaller change
and cannot reach a satisfactory stable baseline at the same time.
This finding strongly confirms that the desorption of water
molecules in the hydrogel becomes difficult as the amount of
LiBr increases. Hence, there is a trade-off when considering the
LiBr concentration introduced in the hydrogel film for the
enhancement of sensitivity and conductivity. An appropriate
LiBr concentration should be adopted to achieve balance in the
performance.

To deeply understand the humidity-sensing mechanism of the
hydrogel film, the complex impedance spectra of the hydrogel
thin-film humidity sensors were measured under different RH
ranges (Fig. 5a-c and Fig. S10). Furthermore, the relevant
equivalent circuits were established based on complex impe-
dance spectroscopy, as shown in the insets in Fig. 5a-c. Among
them, R; and C; are the resistance and capacitance of the
hydrogel film humidity sensor, respectively, and Z, is the
Warburg impedance, which is related to the ion diffusion pro-
cess [66]. At 11% RH, the complex impedance spectrum is a
complete semicircle. In this case, the equivalent circuit is com-
posed of the resistance and capacitance of the hydrogel film in
parallel. The ion diffusion effect inside the hydrogel film is not
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Investigation on the humidity-sensing mechanism. (a-c) Complex impedance plots of thin-film humidity sensors under different humidity levels.

Insets are the equivalent circuits of the sensor at the corresponding RH. (d, e) Sensing mechanisms of the thin-film humidity sensor under conductance and

capacitance measurement modes.

yet obvious; thus, the Warburg impedance is not generated. This
finding indicates that, at low RH, water molecules in the
hydrogel film are dispersed and discontinuous, which are only
adsorbed on the surface of the hydrogel film and form hydrogen
bonds with the hydrophilic groups (i.e., carboxyl, amino,
hydroxyl, and sulfonate) on the polymer chains. As a result, the
ions cannot migrate with the water as a medium, and the con-
ductance mainly originates from proton hopping, resulting in a
high resistance (Fig. 5d). Meanwhile, the capacitance of the
hydrogel film is caused by the dielectric layer formed by the
polarized water molecules and polymer chains under a low-
frequency electric field (Fig. 5¢) [67,68]. At 22% to 43% RH, the
complex impedance spectrum becomes an incomplete semi-
circle, and with the increase in humidity, an oblique short
straight line gradually appears in the low-frequency region,
corresponding to the generation of the Warburg impedance.
Accordingly, the established equivalent circuit is composed of
the resistance and capacitance of the hydrogel film and the
Warburg impedance. In this humidity range, water molecules
gradually penetrate the hydrogel film and reach the interior, and
the hydrogel film resistance R; decreases. With the further
increase in RH (i.e., 43%-59%), the semicircle gradually dis-
appears and the oblique straight line gradually becomes longer,
which indicates the continuous increase in the Warburg impe-
dance, that is, the enhancement of ion diffusion in the hydrogel
film. In this case, water molecules gradually form continuous
water channels, and thus the ion mobility increases, leading to
an increase in conductance (Fig. 5d). Meanwhile, more ions
diffuse into the interface to form an EDL capacitance, resulting
in a higher capacitance response (Fig. 5e). At 59%-98% RH, the
complex impedance spectrum becomes an oblique straight line;
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therefore, the impedance of the sensor is completely determined
by the Warburg impedance. Herein, a large number of water
molecules are adsorbed on the surface of the hydrogel film
through physical adsorption and penetrate the hydrogel film,
and thus the ion transport becomes more efficient, leading to a
rapid increase in conductance. Moreover, because of the large
dielectric constant of free water, the capacitance further
increases.

Notably, compared with the bulk hydrogel sensor, in addition
to the remarkably increased sensitivity and significantly reduced
response/recovery time, excellent repeatability is exhibited by
the thin-film hydrogel sensor, which is also an important per-
formance indicator for determining whether the sensor can be
used in practice. As shown in Fig. 6a-c and Fig. S11, the
hydrogel film humidity sensor was exploited to detect 33%, 59%,
and 98% RH for four to five consecutive cycles, and the response
and recovery processes in each cycle were the same. The
response error in the cycling test under different RH ranges is
<1.8%, and particularly for the detection of low humidity (33%),
the error is as small as 0.4%, reflecting the excellent repeatability.
More importantly, the superb stretchability of both hydrogel and
PDMS endows the corresponding hydrogel-based sensor with
excellent deformability, which not only reduces the damage to
the device caused by external forces but also increases the
comfort level of wearable applications. In this work, because of
the synergistic effect of the extension of the PAM network, the
dynamic formation of hydrogen bonds, and the dissociation of
the double-helix carrageenan structure in the PAM/carrageenan
DN bulk hydrogel during stretching, it can be stretched to
1225% of its original length [7]. However, after thinning the
hydrogel, the single-layer structure of the DN hydrogel film is
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22% to 98% RH at 0%-25% tensile strains. (f) RH-dependent variation of AG/G, at 0% to 25% tensile strains.

easier to shrink than spread out into a flat state. Therefore, the
hydrogel film was selected to be prepared on a flexible PDMS
substrate to form a double-layer structure, which can effectively
maintain the flat morphology of the hydrogel film (Fig. 2b). As
shown in Fig. 6d, the double layer PDMS-hydrogel hybrid
exhibits a high stretchability of approximately 100% strain,
which is higher than that of many non-hydrogel-based flexible
humidity sensors and comparable to the maximum strain of
human skin, meeting the stretchability requirement of electronic
skin (Table 1) [58,61]. Because the LiBr-hydrogel film is soft
(1.6 kPa) and thin, the mechanical properties of the hybrid
depend on that of the PDMS substrate, such as Young’s modulus
(hybrid = 443.7 kPa, PDMS = 492.6 kPa) and maximum strain
(Fig. S12). Furthermore, the effect of tensile deformation on the
humidity response behavior of the hydrogel film sensor was
systematically investigated, as shown in Fig. 6e, f. As the strain
increases from 0% to 25%, the response of the sensor to 98% RH
increases from 571% to 13,672%, and the sensitivity in the high
humidity range (>59% RH) increases from 7.8%/% RH to
272.5%/% RH accordingly (Fig. S13). This positive correlation
between humidity response and strain is consistent with the
previously reported phenomenon, which can be attributed to the
large exposure area of active adsorption sites and subsequent
mass adsorption of water molecules after stretching [7,49]. In
summary, the hydrogel film humidity sensor not only maintains
the good stretchability of the bulk counterpart but also shows
better sensing performance, particularly after stretching, making
the sensing properties mechanically tunable.

Because high deformability, unprecedented responsiveness,
wide detection range, excellent response/recovery speed, and
repeatability are combined in the hydrogel film humidity sensor,
it shows considerable potential for practical application in real
life, such as for noncontact sensation and respiration monitor-
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ing. Typically, the surface of the human skin contains moisture,
which can correspondingly affect the RH near the surface of the
hydrogel film when the finger approaches. As shown in Fig. 7a,
in addition to simply detecting the proximity of the finger, our
hydrogel film sensor can accurately determine the distance
between the finger and the sensor interface through the con-
ductance response value. As the finger gradually moves away
from 5 to 9 mm from the sensor surface, the conductance
response of the sensor correspondingly decreases from 645% to
262%, indicating a good resolution. According to this char-
acteristic, this hydrogel film sensor can accurately monitor the
subtle humidity fluctuation near the human skin surface based
on the relationship between the humidity changes and the
response signals, showing considerable potential for noncontact
human-machine interaction. The noncontact sensation capacity
helps prevent the transfer of some viruses between humans and
machines, which is useful under the current global COVID-19
pandemic. Moreover, the exhaled air from the human body is a
typical source of humidity, and the humidity changes under
different respiratory frequencies vary. Although it takes a few
minutes for the sensor to stabilize the signal, the sensor will be
activated rapidly and reach a relatively high response in the first
few seconds, which can be used for real-time humidity switch
detection in practical sensing applications, such as breath
monitoring (Fig. 7b). As shown in Fig. 7b and Fig. S14, the
conductance changes of the hydrogel film sensor under different
respiratory rates (i.e, 73, 16, and 12 breaths min™') are con-
tinuously monitored. The results show that the hydrogel film
sensor placed under the nose can sensitively capture the subtle
RH changes caused by breathing. Each peak in the dynamic
response curve reflects a breath cycle, and the measured fre-
quency is consistent with the actual human breath frequency.
Furthermore, the peak intensity during a slow breath is higher
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than that during a fast breath because the larger amount of
humid gas exhaled during the slow breath leads to the larger
humidity difference and higher response. Inspired by these
observations, these hydrogel thin-film sensors can be potentially
applied in the wearable biomedical field to monitor the
respiratory status of patients suffering from respiratory diseases,
such as sleep dyspnea and obstructive pulmonary disease [69].
In addition to the humidity in the environment that can
strongly affect the electrical properties of the hydrogel film
sensor, other factors, such as temperature and pressure, may
have similar effects. Therefore, the selectivity of the humidity
sensor needs to be explored. To corroborate this finding, after
the signal of the hydrogel thin-film sensor becomes stable, it is
placed on a hot stage heated to 45°C, and its conductance
response rapidly increases by 90% within 0.85s and reaches a
relatively stable value of 121% after 19 s (Fig. 7c). Furthermore,
the influence of pressure on the electrical performance of the
hydrogel thin-film sensor is explored by loading different
weights on its surface. As shown in Fig. 7d, the pressure pro-
vided by the 5-100 g weights only produced 10% to 17% con-
ductance responses, respectively, in the hydrogel thin-film
sensor. Notably, these two sets of experiments were performed
in an environment of approximately 80% RH. However, this
sensor can produce a 43,335% conductance response to 59% RH,
which is several orders of magnitude higher than the electrical
responses caused by the common influence of temperature and
pressure (Fig. 7e). Temperature only changes the speed of ion
migration in the hydrogel, whereas pressure changes the thick-
ness of the hydrogel. Neither of them causes a drastic change in
the EDL, resulting in relatively low sensitivity. That is, both
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temperature and pressure have only a slight effect on the accu-
racy of the hydrogel film humidity sensor, indicating good
selectivity.

CONCLUSIONS

In summary, we successfully prepared hydrogel thin films with
different thicknesses through spin-coating technology, and the
corresponding hydrogel film humidity sensors were constructed.
The comparative study shows that the responses of these sensors
show a remarkable thickness dependence, and an unprecedented
improvement in sensing performance is achieved because of the
miniaturization effect of the hydrogel. Benefiting from the large
exposure area of chemical bonds after the thinning of the
hydrogel, the thinnest (i.e., 6.06 pm thick) hydrogel-film-based
humidity sensor exhibits sensitivity as high as 78,785.5%/% RH,
and its response to 98% RH is 203,703 times higher than that of
the bulk hydrogel. Meanwhile, this sensor exhibits a wide
detection range, fast response/recovery speed, good stretch-
ability, high transparency, repeatability, and selectivity, showing
significant performance advantages compared with traditional
humidity sensors. The humidity-sensing mechanism of ion-
conducting hydrogel is also elucidated by the complex impe-
dance spectra. Various proof-of-concept studies show that this
ultrasensitive humidity sensor can potentially be used in real-
time physiological monitoring and noncontact sensing triggered
by human humidity. Different from previously reported
hydrogel-based sensors focusing on materials innovation or
function optimization, the paradigm of the high-performance,
stretchable, and transparent thin-film sensor is considered to be
a universal and high-efficiency strategy for future fabrication of
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miniaturized and advanced hydrogel-based electronics used in
biosensing, wearable devices, and health monitoring.
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