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Abstract
Atmospheric moisture exploitation is emerging as a promising alternative to relieve the shortage of freshwater and energy. 
Efforts to exploit hygroscopic materials featuring flexibility, programmability, and accessibility are crucial to portable and 
adaptable devices. However, current two-dimensional (2D) or three-dimensional (3D)-based hygroscopic materials are dif-
ficult to adapt to diverse irregular surfaces and meet breathability, which severely hinders their wide applications in wearable 
and programmable devices. Herein, hygroscopic organogel fibers (HOGFs) were designed via a wet-spinning strategy. The 
achieved fibers were composed of the hydrophilic polymeric network, hygroscopic solvent, and photothermal/antibacterial 
Ag nanoparticles (AgNPs), enabling hygroscopic capacity, photothermal conversion, and antibacterial. Owing to the good 
knittable feature, the HOGFs can be readily woven to adjusted 2D textiles to function as an efficient self-sustained solar 
evaporator of 4-layer woven HOGF device with a saturated moisture capacity of 1.63 kg  m−2 and water-releasing rate of 
1.46 kg  m−2  h−1. Furthermore, the 2D textile can be applied as a wearable dehumidification device to efficiently remove the 
evaporative moisture from human skin to maintain a comfortable environment. It can reduce the humidity from 90 to 33.4% 
within 12.5 min. In addition, the introduction of AgNPs can also endow the HOGFs with antibacterial features, demonstrat-
ing significant potential in personal healthcare.

Keywords Hygroscopic organogel fibers · Knittable and wearable · Atmospheric moisture sorption · Solar-enabled 
evaporation · Antibacterial dehumidification device

Introduction

As a common phenomenon in nature, moisture has wide 
distribution on the earth and exists in various forms from 
micro-environmental humidity in the body-clothes space 
to the hydrologic cycle enabled atmospheric water [1–5]. 
Generally, the high moisture content of the surroundings 
plays a double-edged sword role in people's life. For exam-
ple, the high humidity level can offer more opportunities 
of water–material interactions, enabling high-efficient 
moisture-driven water and energy generation [6–10]. On 
the other hand, the high moisture content can also cause 
damp problems, which may trigger potential harms, includ-
ing discomfort senses for people, breeding of bacteria and 
microorganisms, as well as chemical corrosion of metals 
[11–13]. Therefore, extensive efforts have been devoted 
to developing high-performance moisture sorbent materi-
als worked in high-moisture-content environments for both 
moisture utilization and management.

 * Peng Xiao 
 xiaopeng@nimte.ac.cn

 * Tao Chen 
 tao.chen@nimte.ac.cn

1 Key Laboratory of Marine Materials and Related 
Technologies, Zhejiang Key Laboratory of Marine Materials 
and Protective Technologies, Ningbo Institute of Material 
Technology and Engineering, Chinese Academy of Sciences, 
Ningbo 315201, People’s Republic of China

2 School of Chemical Sciences, University 
of Chinese Academy of Science, Beijing 100049, 
People’s Republic of China

3 Department of Chemical, Biomolecular and Corrosion 
Engineering, The University of Akron, Akron 44325, USA

4 Hunan Provincial Key Laboratory of Advanced Materials 
for New Energy Storage and Conversion, Hunan 
University of Science and Technology, Xiangtan 411201, 
People’s Republic of China

5 Department of Material and Optoelectronic Science, Center 
of Crystal Research, National Sun YatSen University, 
Kaohsiung 804, Taiwan, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s42765-022-00243-7&domain=pdf


589Advanced Fiber Materials (2023) 5:588–602 

1 3

As one of emerging sorbent materials, hygroscopic poly-
mer gels (HPGs) have demonstrated great potentials in mois-
ture harvesting and exploitation due to their unique swellable 
properties and rich functional designability [14–17]. Up to 
now, various HPGs, such as porous gels [18–20], salt-fixed 
gels [21–23] and gels containing hygroscopic nonvolatile 
liquids [24, 25], have been proposed to offer constructive 
concepts for diverse moisture-related applications including 
dehumidification, freshwater generation and energy manage-
ment [26–32]. Despite significant advances are achieved for 
HPGs, some challenges (e.g., increasing sorption kinetics, 
enlarging sorption capacity and improving safety), are still 
needed to be solved for practical applications.

Recently, hygroscopic organogels composed of hygro-
scopic glycerin liquids and hydrophilic cross-linked poly-
meric networks are expected to be promising alternatives 
to realize large-capacity moisture sorption for freshwater 
generation [24, 25]. However, due to the limited moisture 
exchange surface area and fixed macrostructure of the bulk 
gels, the moisture absorption rate and application scenarios 
are heavily limited, most reported HPGs are in the form of 
bulk shapes that are difficult to adapt to curved or highly tex-
tured surfaces for specific applications. Moreover, the con-
ventional bulk materials lack typically macroscopic pores 
with desirable breathability for a comfortable experience and 
severely hinder the broad applications in wearable devices. 
Therefore, the development of highly adaptable, configur-
able, and breathable HPGs remains a challenge [33, 34].

The wet spinning method enabled construction of hydro-
gel fibers is considered to be an effective way in recent 
years [35–38]. The one-dimensional (1D) fibers show typi-
cal advantages such as large specific surface area, stretch-
ability, and designable macrostructure [39–42]. Particu-
larly, 1D polymeric gel-based fibers are featured with a 
high length–diameter (L/D) ratio and large matter exchange 
capability, which can be readily woven into a variety of pro-
grammable two-dimensional (2D) or three-dimensional (3D) 
shapes to adapt to diverse topological surfaces. Furthermore, 
the interwoven fibers can be easily integrated into commer-
cial textiles for wearable multifunctional devices. Based on 
the configurable advantages of 1D-based polymeric fibers, 
the combination of hygroscopic units of water-affinity chains 
and/or additives is expected to develop a new type of HPGs.

In this work, we proposed HOGFs using a continuous 
wet-spinning strategy, which can spontaneously capture 
atmospheric moisture for programmable solar-evaporator to 
achieve self-sustained freshwater generation and for wear-
able dehumidifiers to realize personal healthcare manage-
ment. The HOGFs were continuously fabricated through 
typical procedures of physical cross-linking in coagulation 
bath spinning, chemical cross-linking polymerization under 
ultraviolet (UV) irradiation, and hygroscopic solvent dis-
placement. Superior to the bulk hygroscopic organogels, 

the HOGFs represented a larger specific surface area and 
further enhanced the velocity of moisture sorption. When 
the HOGFs further were woven into adjustable hygroscopic 
textile, a self-sustained solar evaporator characteristic of 
knittable configurations can be achieved with the controlla-
ble capability of saturated moisture sorption of 1.63 kg  m−2 
and evaporation rate of 1.46 kg  m−2  h−1 for the 4-layer struc-
ture. More importantly, the woven HOGFs are featured with 
desired breathable and wearable properties, which can be 
further integrated into the surface of commercial textiles to 
alternatively remove the unfavorable moisture from the skin 
surface. Since the wearable HOGF-based dehumidification 
device is usually located under heavy clothes with the poten-
tial risk of bacteria breeding, it can further enable a good 
antibacterial performance due to the addition of photother-
mal AgNPs, demonstrating significant potential in wearable 
personal healthcare.

Materials and Methods

Materials

Poly(ethylene glycol) diacrylate (PEGDA) (Mn = 400), 
N-(2-hydroxyethyl) acrylamide (HEAA), 2-hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone (I2959), sodium 
alginate (SA; Sigma-Aldrich G blocks: M blocks = 1:1, 
molecular weight = 216.121,) and Ag nanoparticle (AgNP) 
solution were purchased from Aladdin Chemical.  CaCl2 and 
glycerol were purchased from Sinopharm Chemical Reagent. 
All reagents were used without further purification.

Preparation of Spinning Solution

PEGDA (4.5 g), HEAA (4.5 g), AgNPs solution (1.5 g), and 
I2959 powder (1350 mg) were dissolved in deionized water 
(3 mL) and the mixture became a homogeneous and trans-
parent solution at room temperature; then, 12 mLSA (3 wt%) 
solution (viscosity = 400 mPa s) was added and continue to 
mix it well. Use a vacuum pump to extract all the air bubbles 
from the spinning solution.

Fabrication of Hydroscopic Organogel Fibers 
(HOGFs)

The spinning solution was loaded in a 30 mL syringe and 
spun into a 0.5 M  CaCl2 bath through a plastic pipe (inner 
diameter = 3 mm). Photopolymerization of the fibers was 
initiated under a coagulation bath by UV (UPP0404A, 
Uvata (Shanghai) Precision Optoelectronics Co., Ltd. 
λ = 365 nm) and the flow rate of the solution was maintained 
at 0.5 ml  min−1 using a syringe pump (XMSP-1C, Ximai 
Nano Technology Co., Ltd, Nanjing China). The fibers 
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were collected on a winding bobbin. (collection speed is 
6 cm  min−1).

Moisture Sorption Experiments

2.4.1 The moisture sorption of HOGFs was tested by a con-
stant temperature/humidity machine (SANWOOD SMC-
80-CB-2) at different ambient humidity (less than ± 1.5% 
RH) and different ambient temperature (less than ± 0.5% 
°C). The mass changes were recorded by the electronic bal-
ance (GXG, JJ224BC, 0.1 mg).

2.4.2 In the adsorption–desorption cycle experiments 
with a single fiber, the adsorption process was treated in a 
constant temperature/humidity machine for 4 h (set tempera-
ture = 20 °C and set humidity = 90%) and desorption was 
completed in an oven (set temperature = 90 °C) for 2 h.

Desorption Experiments of Hydrated HOGFs

2.5.1 In the isothermal desorption experiments, hydrated 
HOGFs were tested in a constant temperature/humid-
ity machine. First, the internal environment (tempera-
ture = 50 °C; humidity = 90%) was set, and after equilibra-
tion, the mass was recorded by the electronic balance. Then, 
the next internal environment (temperature = 50 °C; humid-
ity = 80%) was set, and after equilibration, the mass was 
recorded by the electronic balance. And so on, the equilib-
rium masses of the HOGFs were recorded at relative humid-
ity 90, 80, 70, 60, 50, 40, and 30% with the temperature set 
at a stable level of 50 °C.

2.5.2 The HOGFs were first treated in a constant tem-
perature and humidity chamber to reach adsorption equi-
librium. (Set temperature = 25 °C Set humidity = 90%). The 
solar-driven water desorption experiments were conducted 
under the irradiation of the Solar Simulator (HM-Xe500W) 
equipped with an AM 1.5 G filter. During the water desorp-
tion, the corresponding temperatures were captured using 
the IR thermal camera (Optris PI 400). The mass change 
of the water sorption and desorption was recorded using 
an electronic scale (GXG, JJ224BC, 0.1 mg). All indoor 
experiments were performed in the lab (Ambient tempera-
ture = 20 °C, Ambient humidity = 40%).

COMSOL Simulation of Moisture Sorption 
and Expansion Process of HOGFs

Vapor flux equation:

(1)−n ⋅ gw = g0,

(2)g0 = �p
(

pv,ext − �wpsat (T)
)

.

In this equation, n is the amount of substance (vapor 
concentration); gw is unit water vapor flux; g0 is the total 
water vapor flux; �p is the moisture migration coefficient; 
pv,ext is the external relative humidity; �w is the radial 
water vapor flux; psat (T) is the saturation vapor pressure 
of water at T.

HOGFs internal water diffusion equation:

In this equation, � is the water storage function; �w is 
the radial water vapor flux; g

�
 is the unit water vapor flux; 

G is the total water vapor flux; �p is the vapor permeability; 
DW is the water diffusion coefficient; psat (T) is the satura-
tion vapor pressure of water at T.

HOGFs hygroscopic expansion equation:

In this equation, �hs is the molar concentration of water, 
�h is the strain reference concentration, Mm is the molar 
mass of water, cmo is the initial hygroscopic expansion 
coefficient, and cmo,ref is the radical hygroscopic expan-
sion coefficient (axial expansion is not considered in this 
simulation):

In this equation, S is the expansion strain; F is the expan-
sion stress; v expansion velocity. Set the simulated tempera-
ture at 25 °C; set the simulated humidity at 90%.

Contrast Experiments of Wearable HOGF Device 
to Accelerate Sweat Evaporation

The HOGFs were woven into a textile of 5 cm × 5 cm size. 
Then the double-layer non-woven fabric was selected 
and cut into 6.5 cm × 6.5 cm squares. Finally, a piece of 
HOGF textile was inserted in the middle of the two layers 
of non-woven fabric and the edges of the two layers of non-
woven fabric were sewn together. In this way, the HOGFs 
device can be obtained. The comparison samples were not 
entrapped anything in the middle, directly for two layers of 
closed non-woven fabric. The two samples were loaded on 
the clothes separately, and the clothes with the two compari-
son samples were worn for running exercise for 1 h, (ambi-
ent humidity = 75–85%, ambient temperature = 10–15 °C).

(3)�
��w

�t
+ ∇ ⋅ g

�
= G,

(4)g
�
= −

(

�DW∇�w + �p∇
(

�wpsat
))

,

(5)� =
�w(�w)

��w

.

(6)�hs = �hMm

(

cmo − cmo,ref

)

.

(7)0 = ∇ ⋅ S + Fv.
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Dehumidification Experiments of HOGF Textile 
on Skin Surface

The HOGFs were woven into a textile, and this textile 
covers the silicon substrate. The silicon substrate was 
separated from the HOGF textile by a 1  cm interval, 
surrounded by PS foam to isolate the outside environ-
ment. The space size of the simulated skin surface is 
2 cm × 1.5 cm × 1 cm. HOGF textile (3 cm × 2 cm). A tem-
perature/humidity probe was positioned in the interval, 
and the temperature and humidity recorder (Kenda Renko 
RS-WS-*-2D-LCD) connected to the probe was used to 
record the humidity changes in a small space. (ambient 
humidity = 70, 80 and 90%, ambient temperature = 23 °C.)

Antibacterial Application Experiments of HOGFs

Generally, there are two main in vitro antibacterial assays 
applied. First, two typical bacterial strains (E. coli, Gram-
negative; S. aureus, Gram-negative) were used to examine 
specific live/dead rates within the coculture systems. The 
typical bacterial strains were incubated overnight on agar 
medium (Luria–Bertani (LB) for E.coli while Trypticase 
soy (TS) for S. aureus) at 37 °C to obtain a single bac-
terial colony, followed by inoculated in 25 mL of cor-
responding liquid medium and cultured with shaking for 
another 6 h. Afterward, the high-density bacterial solution 
was immediately diluted to OD value (600 nm UV) of 0.1 
(E. coli) and 0.05 (S. aureus), respectively. The pre-ster-
ilized, fully PBS swelled [HOGFs and HOGFs (without 
Ag)] were placed in a 24-well plate, and added 1 mL of 
standard abovementioned diluted bacterial solutions to co-
culture in the incubator with constant conditions (37 °C, 
120 rpm, 24 h for E. coli and 12 h for S. aureus, respec-
tively). Subsequently, the HOGFs and HOGFs (without 
Ag) were removed and the solutions wizard was strained 
by the live/dead BackLight Viability Kit (Thermo Fisher 
Scientific Inc., NY). The morphology of live/dead bacteria 
was observed by Axio Observer A1 fluorescence micro-
scope (Carl Zeiss Inc., Germany) with a 20×/10× lens. 
Both samples were randomly selected for imaging while 
the statistical analysis was performed using the software 
ImageJ.

On the other hand, a long-term dynamic OD value test 
was applied to the cocultured bacterial solutions via UV–Vis 
spectra (600 nm). Typically, during the first cycle (24 h for 
E. coli and 12 h for S. aureus), the OD value was intermit-
tently recorded. Since the bacterial is in equilibrium after 
exponential growth, the corresponding LB or TS media will 
re-add to dilute the coculture systems (half OD value). The 
following OD value will be further monitored and compared 
for another cycle.

Characterization

A field emission scanning electron microscope (FE-SEM) 
with a FE scanning electron microanalyzer (HitachiS4800, 
8 kV) was used to observe the microstructures of HOGFs. 
Fourier transform infrared spectra were obtained by an 
attenuated total reflection Fourier transformed Infra-
red Spectrometer (ATR-FTIR). The temperature curve 
was tested by a thermogravimetric analyzer (TGA/DSC1 
721002547) over a temperature interval of 35–600 °C. The 
rheological characterizations were performed on a Haake 
MARSIII rheometer equipped with a 25 mm parallel plate 
and operated at frequencies from 0.1 to 100 Hz with a test 
temperature of 25  °C. The tensile measurements were 
conducted on an Instron 5567 Universal Testing System 
(Instron). The dynamic mechanical analysis was performed 
on a DMAQ800 analyzer (DMAQ800, TA, America). The 
Raman spectra for detecting the model molecule of 4-ATP 
were collected using the 785 nm laser and accumulated 
15 times for 1 s (1.2 mW). (Raman Systems, Inc., R-3000 
series, Britain).

Results and Discussion

The wet-spinning technique to fabricate hygroscopic and 
photothermal fibers is schematically illustrated in Fig. 1a and 
Fig. S1. Herein, the AgNPs were alternatively introduced 
into the hydrogel precursor, endowing the desirable photo-
thermal and antibacterial properties. Afterward, the hydrogel 
precursor was injected into the  CaCl2 coagulation bath under 
a 365 nm UV irradiation. Due to the instant pair ionic com-
plexation of  Ca2+ and alginate, it enabled forming of brittle 
yet strong fiber-like hydrogels that could effectively endure 
the drafting force of the spinning process. Subsequently, 
the unreacted hydrophilic N-(2-hydroxyethyl) acrylamide 
(HEAA) monomers and poly(ethylene glycol) diacrylate 
(PEGDA) experienced a typical chemical co-polymerization 
process induced by UV irradiation. Note that the introduc-
tion of PEGDA chains crosslinked with the PHEEA under 
UV irradiation could prominently elevate the mechanical 
property of the resultant fibers [38]. Eventually, the obtained 
hydrogel fibers were collected on the electric roller, followed 
by a complete solvent displacement in pure glycerol solvent, 
thus the organogels fibers were referred to as HOGFs.

Based on the rational weaving and integration of HOGFs, 
programmable hygroscopic fibers-based devices could be 
further constructed. In our system, a portable, editable and 
controllable HOGF-based self-sustained solar evaporator 
was designed to realize freshwater harvesting. As shown 
in Fig. 1b, the HOGFs device can capture moisture from 
the atmosphere under a high humidity environment. When 
it reaches hygroscopic equilibrium, the hydrated HOGF 
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device can rapidly release water under solar irradiation 
and the freshwater can be obtained via condensing process 
(Fig. 1c). Owing to the favorable hygroscopic, breathable, 
and wearable feature, the HOGFs can be further integrated 
as a personal dehumidification device. As shown in Fig. 1d, 
this hygroscopic device embedded into the thick clothes 
can effectively absorb the uncomfortable moisture within 
a small gap (between the sweaty skin and sweat-soaked 
clothing), maintaining a dry state on the skin surface during 
exercise. In addition, the phenomenon of bacteria breed-
ing can usually happen on the humid skin surface, result-
ing in undesirable skin disease and potential health problem 
[43, 44]. Attributed to the introduction of AgNPs, such a 
HOGF-based device can demonstrate good antibacterial per-
formance to prevent broad-spectrum bacterial proliferation 
(Fig. 1e), while the good photothermal conversion capability 
can be still retained [45–47].

The key to the preparation of HOGFs lies in the design 
of a complete set of equipment for constant extrusion and 
effective collection of fibers. As shown in Fig. 2a, a suite of 
equipment has been rationally built to prepare the HOPGs 
in a successive and scalable way. To investigate the chemi-
cal composition of these HOGFs samples, Attenuated Total 
Reflection Fourier Transformed Infrared Spectroscopy 
(ATR-FTIR) was employed in our work. As shown in Fig. 
S2a, the characteristic peaks of 3300, 1730, 1556, 1033, 
and 1645  cm−1 corresponded to the stretching vibrations 
of hydroxyl (–OH) –C=O, –CN, –CO–, and –NH2 groups, 
respectively, which mainly derived from HOGFs polymeric 

chains and HEAA residues inside the gel matrix. Since the 
vibrations of general homonuclear diatomic pairs were weak 
in the FTIR spectra, the C=C bond could not be observed 
as an obvious absorption peak in the FTIR spectra. Raman 
spectrum was conducted to characterize the C=C bonds 
before and after polymerization (Fig. S2b). The result 
showed that the intensity of the D and G peaks remarkably 
decreased after the polymerization of PEGDA and HEAA. 
The decrease in the intensity of the C=C bonds peaks proved 
that PEGDA and HEAA monomers experienced successful 
polymerization under the UV irradiation.

Furthermore, Energy-Dispersive Spectroscopy (EDS) 
was used to analyze the elements contained in HOGFs, as 
shown in Fig. S3a–e, in which the detected elements were 
Ag element, C element, O element, and N element, respec-
tively. Thus, the EDS result illustrates that the AgNPs are 
successfully introduced into our system. Also, as shown in 
Tab. S4, the percentages of different elements are 54.78% of 
C element, 10.34% of N element, 33.74% of O element, and 
1.14% of Ag element. As shown in Fig. 2b, HOPGs can be 
successively fabricated in a large area, and the macroscopic 
morphology of the as-prepared HOGFs is homogeneous. 
Moreover, owing to the desired capability of knittable fea-
tures, the HOGFs can be rationally woven into program-
mable textiles (Fig. 2c). Microscopically, SEM images were 
conducted to investigate the microscopical morphology and 
cross-sectional information in Fig. 2d, e. It can be observed 
that the HOGF forms a regular cylindrical shape in the front 
and the cross-sectional views. High-resolution SEM images 

Fig. 1  a Schematic of the 
HOGF preparation through a 
wet-spinning in a coagulation 
bath followed by solvent dis-
placement. b, c Schematic illus-
trations of atmospheric moisture 
sorption and solar-driven water 
release by a HOGFs device. d 
The device based on HOGFs 
(sandwich structure) is applied 
to promote skin sweat evapora-
tion through efficient moisture 
sorption by efficient hygrosco-
picity. e Excellent antimicrobial 
properties of HOGF textile in 
humid environments. (against S. 
aureus and E. coli.)
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were further used to characterize AgNPs loaded on HOGFs 
(Fig. 2f). Also, considerable AgNPs could be observed on 
the surface of HOGFs, which provided the basis for the plas-
monic resonance photothermal effect and potential antibac-
terial function (Fig. 2g).

To further explore the mechanical property of the as-pre-
pared HOGFs (weight ratio of PEGDA and HEAA = 1:1). 
As shown in Fig. 2h, the mechanical stability of the HOGFs 
was tested by rheology. The storage modulus G’ was always 
greater than the loss modulus G″ at all measured tempera-
tures, which indicated the typical viscoelasticity of soft 
matter/hydrogels at the temperature range of 25–60 °C. The 
variation trend of temperature implied the high elasticity of 
the HOGFs. Also, we recorded the rheology properties of 
hydrogel fibers and HOGFs at different sweeping frequen-
cies. As illustrated in Fig. 2i, the hydrogel fibers had a larger 
storage modulus G′ than HOGFs, while their loss modulus 
G″ was almost the same. The storage modulus G′ was related 
to the stability of the material's elastic storage energy, while 
the loss modulus was the ratio of the viscous component to 
stress. Therefore, the HOGFs were more stable and rigid. In 
many hygroscopic organogel systems, the mechanical prop-
erties of the organogels may experience a reduced tendency 
after hygroscopic swelling [48, 49].

To verify the change of mechanical properties of HOGFs 
(weight ratio of PEGDA and HEAA = 1:1) after moisture 
sorption, the longitudinal tensile properties of the fibers were 
tested. As shown in Fig. 2j, Young's modulus of hydrogel 
fibers before solvent displacement was only 980 kPa and the 
stretchability was the longest one among the three samples 
with different content ratios. Compared with hydrogel fibers, 
the Young’s modulus of HOGFs increased to 1750 kPa and 
the corresponding breaking elongation decreased, resulting 
from the stronger intermolecular hydrogen bonding interac-
tions between glycerol and polymeric chains after solvent 
displacement. However, the Young’s modulus of hydrated 
HOGFs was 1493 kPa, which had a slight decrease com-
pared to HOGFs. The tensile mechanical properties of 
HOGFs could keep stable after moisture sorption.

Note that the hygroscopic performance of HOGFs is criti-
cal for effective atmospheric moisture collection. As shown 
in Fig. S5, the potential mechanism of moisture sorption 
of the HOGFs is illustrated. Based on the relatively high 
specific surface area (1D-based fiber structure) and plen-
tiful functional groups (hydroxyl groups on glycerol and 
HEAA monomers), the HOGFs present favorable hygro-
scopic performance. In our system, the chemical composi-
tion of monomer ratios and the thickness of the HOGFs were 

Fig. 2  a Schematic process of HOGF synthesis. b Photograph of a 
bundle of HOGFs. c Photograph of HOGF textile. d, e SEM images 
of the front view and cross-section of a single HOGF. f, g SEM 
images of AgNPs loaded inside the HOGFs. h Storage and loss mod-

ulus of the as-prepared HOGFs at 25–60 °C. i Storage and loss modu-
lus of the as-prepared hydrogel fibers and HOGFs at 0.1–100  rad/s. 
j Typical strain–stress curves for the HOGFs, hydrated HOGFs, and 
hydrogel fibers
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alternatively controlled to achieve an adjusted hygroscopic 
performance. As shown in Fig. 3a, a series of weight ratios 
of PEGDA and HEAA monomers was effectively controlled. 
And the result showed that the resultant HOGFs at a certain 
weight ratio of PEGDA and HEAA (1:1) could represent a 
maximum hygroscopic ability. Therefore, this weight ratio is 
preferably selected for further investigation of hygroscopic 
performance and related applications.

Considered that the macroscopic morphology shows pos-
sible effect on the moisture absorption rates of polymeric 
gels, bulk organogels and HOGFs were prepared respec-
tively (Fig. S6a). The moisture sorption balance versus time 
curves showed that the time of the moisture sorption weight 
equilibrium of the HOGFs was ~ 4 h, which presented a 
quick balanced time than that of the bulk organogels (~ 12 h) 
(Fig. S6b). Note that owing to the same chemical composi-
tion between the fiber and bulk gels, the balanced saturation 
sorption capacity can reach the same values. Therefore, the 
contact area of HOGFs and bulk organogel only affects the 
adsorption rate and does not determine the final adsorption 
capacity.

In addition, the diameters of the HOGFs were also con-
sidered to explore the influence on the hygroscopic perfor-
mance. As shown in Fig. 3b, a series of diameters (0.5, 0.75, 
1.0, and 1.5 mm) of HOGFs were prepared by regulating the 
speed of syringe extrusion and spool collection. Experimen-
tal result shows that the diameter of HOGFs does not affect 
the final saturated hygroscopic capacity, and it only affects 
the corresponding hygroscopic rate of the HOGFs. With the 
decrease of the diameter for the HOGFs, the corresponding 

hygroscopic rate could experience a gradual increase ten-
dency. However, further decreasing the diameter to 0.75 mm 
or less, the resultant hygroscopic rate tends to be stable. On 
the other hand, considering that the HOGFs need to have a 
certain mechanical strength for weaving and programming, 
the diameter (0.75 mm) is chosen for further experiments. As 
shown in Fig. 3c, the hygroscopic capacity of the 0.75 mm 
HOGFs is quantitatively evaluated at different RH with a cer-
tain ambient temperature of 25 °C. The experimental results 
show that the HOGFs can capture atmospheric moisture 
in different humidity environments. The saturated hygro-
scopic capacity of the HOGFs at diverse humidity could 
reach to 0.835 g  g−1 (RH = 90%), 0.443 g  g−1 (RH = 70%), 
0.184 g  g−1 (RH = 50%) and 0.048 g  g−1 (RH = 30%), respec-
tively. Note that it has a certain hygroscopic ability in a high 
humidity environment. Also, the hygroscopic capacity of 
HOGFs at different ambient temperatures is investigated in 
Fig. S7. The saturated hygroscopic capabilities of HOGFs 
are 0.907 g  g−1 (5 °C), 0.832 g  g−1 (15 °C), 0.835 g  g−1 
(25 °C), and 0.625 g  g−1 (35 °C), respectively, at fixed 90% 
humidity environment. The increased ambient temperature 
can remarkably accelerate the hygroscopic rates. Whereas, 
the corresponding saturated capacity of moisture absorp-
tion may experience a decreased process. This phenomenon 
may derive from the reversible dynamic equilibrium of water 
molecules with sorption and desorption [7]. We also evalu-
ated the cyclic adsorption performance of single fibers. The 
experimental results showed that the HOGFs possess good 
reproducibility in 5 sorption–desorption cycles (Fig. S8). 
As shown in Fig. 3d, it could be observed that there was 

Fig. 3  a The hygroscopic per-
formance of HOGFs with dif-
ferent chemical compositions. 
b The hygroscopic performance 
of HOGFs with different diam-
eters. c Hygroscopic capability 
versus time curve of HOGFs at 
30, 50, 70, 90% relative humid-
ity (RH). d Photos of HOGFs 
before and after moisture 
sorption. e Thermogravimetric 
analysis of HOGFs, hydrogel 
fibers, and hydrated HOGFs. f 
The content of glycerol, water 
and gel skeleton in hydrogel 
fibers, HOGFs and hydrated 
HOGFs, respectively. g The 
COMSOL simulation results of 
the process of moisture sorp-
tion and expansion of HOGFs 
(RH = 90%, T = 25 °C)
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a remarkable difference in thickness between HOGFs and 
hydrated HOGFs, resulting in the changeable fiber diameter 
from 0.75 to 1.1 mm measured by vernier caliper. Also, this 
dimeter difference was further characterized by polarizing 
microscope, showing a remarkable increased tendency after 
moisture absorption (Fig. S9). The water molecules ena-
bled elastic stretching of the polymeric cross-linked network 
resulted in the swelling of HOGFs during the moisture sorp-
tion process.

Quantitatively, thermogravimetric analysis (TGA) was 
used to analyze the composition ratio of solvent and gels 
before and after moisture sorption (Fig. 3e). TGA results 
showed that the glycerol in the HOGFs accounted for about 
60% and the gel skeleton accounted for 30% of its total mass 
within the HOGFs. After moisture sorption, the water mol-
ecules in the hydrated HOGFs accounted for about 30%, 
the glycerol in the HOGFs accounted for about 48% and the 
gel skeleton accounted for 22% of its total mass (Fig. 3f). 
Furthermore, to investigate the moisture capture process, 
finite element analysis (FEA) was conducted to simulate the 
process of moisture sorption using the COMSOL software, 
which is visually illustrated in Fig. 3g. When water mol-
ecules were absorbed on the surface of the HOGFs, they 
could experience a gradual diffusion process along the verti-
cal direction of the HOGFs and reach a stable state. Mean-
while, the saturated capacity was also calculated in the simu-
lation, demonstrating an equilibrium value of 0.854 g  g−1. 
Note that the saturated value is highly close to the experi-
mental data (Fig. S10).

To further expand the potential applications of the as-
prepared HOGFs, a self-sustained solar evaporator was 
rationally designed. Since the conventional interfacial 
solar-enabled seawater evaporation may result in unfavora-
ble salt aggregate in the continuous evaporation process. 
This hygroscopic solar evaporator can capture moisture as 
the water resource for further purified water harvest, which 
can significantly avoid the aforementioned problems. For 
the photothermal conversion process, the AgNPs introduced 
inside the HOGFs can remarkably elevate the photothermal 
property via the plasma resonance effect for efficient water 
release.

Among them, the loaded amount of AgNPs played a 
crucial role in the photothermal properties of the HOGFs. 
In our experiments, a series of loaded amounts of AgNPs 
inside HOGFs are adjusted in Fig. S11a. With the increase 
of AgNPs, the color of the HOGFs gradually becomes 
darker. Besides, the corresponding surface temperature of 
the photothermal HOGFs experienced a gradual increase 
tendency. The resulted surface temperatures with different 
loaded amounts of AgNPs from 0, 7.37, 18.43, 55.43, and 
110.2 ppm were 34.5, 40.5, 44.3, 47.3, and 49.3 °C, respec-
tively, under 1 sun (Fig. S11b). As shown in Fig. S11c, it can 
be speculated that the loaded amount of AgNPs presented 

a positive correlation with the related photothermal perfor-
mance. Furthermore, the desorption and desorption rates 
of HOGFs under 1 sun were also measured in Fig. S11d 
and S11e. The experimental results showed that when the 
loaded amount of AgNPs reached 55.43 ppm, the surface 
temperature of HOGFs could reach to 47.2  °C and the 
water molecules inside HOGFs could be almost released 
within ~ 150 min. However, the excessive loaded amount of 
AgNPs could result in a slight increase of the water des-
orption rate. Therefore, a certain AgNPs loaded amount of 
55.43 ppm was selected under comprehensive consideration 
of performance and cost.

Since the photothermal temperature accounted for the 
desorption process of hydrated HOGFs, the ambient humid-
ity could also affect the process. The desorption isotherm 
curves were used to evaluate the water release capability of 
hydrated HOGFs at different ambient humidity. As shown in 
Fig S12, the water molecules could not be released at high 
humidity of 90%. When the humidity was as low as 30%, the 
water molecules could be released completely from hydrated 
HOGFs. As a result, it can be speculated that the water mol-
ecules in hydrated HOGFs can be substantially released in 
lab and/or outdoor environment.

Due to the designability and stitchability of HOGFs, 
as illustrated in Fig. 4a, the HOGFs were knitted to a 2D 
device, which could capture moisture from the atmosphere 
under a relatively low temperature at night. And the cap-
tured water molecules could be effectively released under 
solar irradiation at daytime. The integrated evaporator was 
designed in Fig. 4b, in which the condensed water droplets 
on the roof could be clearly observed. To verify the pho-
tothermal effect of the AgNPs loaded inside HOGFs, the 
equilibrium surface temperature of HOGF with AgNPs and 
HOGFs without AgNPs was measured with the solar simu-
lator under 1 sun (1000 w  m−2 h) irradiation. As shown in 
Fig. 4c, the HOGF (with AgNPs) can reach a higher tem-
perature (48.1 °C) than that of the HOGFs (without AgNPs) 
(33.8 °C) attributed to the plasma resonance-enabled pho-
tothermal effect of the AgNPs. Based on the programmable 
and flexible properties of HOGFs, it can be designed as an 
integrated HOGFs device composed of HOGFs and a white 
polylactic acid (PLA) skeleton. The HOGFs on the PLA 
skeleton can be easily stacked as 1-layer, 2-layer, 3-layer, 
and 4-layer structures (Fig. 4d). Furthermore, the saturated 
hygroscopic capacity of this programmable HOGFs device 
with different layers was evaluated. The saturated hygro-
scopic capacity of 1-layer, 2-layer, 3-layer, and 4-layer 
programmable HOGF devices were 0.63, 1.04, 1.25, and 
1.63 kg  m−2 per unit area, respectively, demonstrate posi-
tive correlation with the increasing number of stacked lay-
ers (Fig. 4e). In the solar-driven desorption experiments, 
the desorption rates of 1-layer, 2-layer, 3-layer and 4-layer 
of programmable HOGF device were 0.67, 0.81, 1.16 and 
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1.46 kg  m−2  h−1 (1 h), respectively. Also, the desorption 
curve illustrated that the process of solar-driven desorption 
can be completed within 2 h (Fig. 4f).

It is noted that owing to the favorable knittable feature 
of the HOGFs, the adjusted knitted layers can prominently 
increase the corresponding hygroscopic capacity and evapo-
rative performance under the unit occupied area. As a result, 
this integrated HOGF-based solar evaporator is considered 
as an effective and programmable device to realize a self-
sustained freshwater harvest. Moreover, to test the quality 
of the generated vapor produced by HOGFs in the process 
of solar-driven desorption. The evaporated gas was charac-
terized to distinguish if it contained glycerol molecules via 
time-resolved IR spectroscopy (Fig. 4g). The result shows 
the characteristic peaks of evaporated gas are concentrated 
in the region of 3300–4000  cm−1 and 1900–1400  cm−1, 
attributing to O–H bonds. However, there are no remark-
able characteristic peaks of C–O bonds in the region of 
2500–3000   cm−1 observed, indicating that there are no 
glycerol molecules in the evaporated gas. As a result, the 
hygroscopic solvent inside the HOGFs can maintain a stable 

state, which will not be evaporated under sun irradiation. 
Also, the quality of the generated condensed water can be 
effectively ensured in our system.

More interestingly, benefitted from the knitted structures 
of HOGFs, the integrated textile-like 2D device is endowed 
with the breathable feature. Also, it has the potential to con-
struct a wearable moisture-capture-enabled device. Since 
the human skin can produce uncomfortable sweat, espe-
cially during the process of exercise. In winter, the thick 
clothes can aggravate the uncomfortable feelings caused 
by the excess moisture between the clothes and skin. Note 
that the vapored water or liquid water can penetrate through 
the pores to the skin surface. Under a relatively closed 
system with thick clothes, excess moisture or even liquid 
sweat can be formed after exercise, which may cause dis-
comfort to people. In our system, we employed the knitted 
HOGF textile sandwiched between two non-woven textiles 
as the hygroscopic device (Fig. 5a). It is considered that 
the HOGF-based dehumidification device can not only cap-
ture the moisture under normal exercise, but capture liquid 
sweat under intense exercise. Therefore, this HOGF device is 

Fig. 4  a Schematic diagram of water desorption of the HOGFs device 
under solar illumination. b Photos of condensing collection roof used 
for evaporation and the generated steam could be naturally condensed 
into the water droplets. c The temperature versus time curve of the 
HOGFs (with AgNPs) device and HOGFs (without AgNPs) device. 
d HOGFs are designed as 1, 2, 3, and 4 layers of programmable 

structure, respectively. e Hygroscopic capability versus time curve of 
HOGF device with 1–4 layers. f Mass change versus time curve of 
desorption of HOGF device with 1–4 layers, respectively, for 120 min 
under 1 sun irradiation. g Time-resolved IR spectroscopy of gas evap-
orated by hydrated HOGFs
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expected to be an effective alternative to remove undesirable 
water molecules. Due to the breathable and hydrophobic 
properties of the non-woven textiles, the moisture generated 
by sweat evaporation can be easily conveyed into the HOGF 
textile and captured. In this way, this HOGFs device can 
effectively capture the moisture, resulting in a dry state in the 
limited space above the human skin. As shown in Fig. S13, 
HOGFs can be readily integrated into the clothes. When the 
volunteer with the HOGF-based device ran for about 1 h, 
most of the clothes maintained a relatively dry state due to 
the favorable hygroscopic property. However, for the control 
sample without HOGFs, the surface of the clothes was com-
pletely soaked with sweat, leading to undesirable wetness, 
coldness, and discomfort to the skin (Fig. 5b).

In order to quantitatively evaluate the performance of 
HOGF-based dehumidification devices. A simulated skin 
was employed to investigate the dehumidification capability 

of the HOGFs for humidity control on the skin surface 
under a high humidity environment. As shown in Fig. 5c, 
the humidity probe is placed on the surface of the simulated 
skin layer to measure the RH of the limited space between 
the simulated skin and the HOGF textile. Note that the inte-
grated textile was placed about 1 cm height above the simu-
lated skin. Also, the control experiment without textile cover 
was also conducted shown in Fig. S14. As displayed in Fig. 
S15a, with HOGF device covering, the RH decreased signif-
icantly within 4 h, (the average humidity in 4 h is 46.78%). 
In contrast, the RH of the simulated skin surface without the 
HOGFs covering still remained a constant value, which was 
similar to that of the ambient humidity with a RH of 90%. 
In addition, we evaluated the dehumidification performance 
of the HOGF textiles under a series of high-humidity envi-
ronments. As shown in Fig. 5d, the HOGF textiles had the 
capability of achieving a remarkable decrease of the relative 

Fig. 5  a Schematic diagram of the application of wearable moisture-
capture-enabled HOGFs device to promote sweat evaporate during 
exercise. The HOGF textile is sandwiched between two breathable 
non-woven textiles. b Photos of the wearable moisture-capture-ena-
bled HOGF device. The cloth on the left side is dry, but the right side 
is wet. c Experimental setup of textile thermal measurement. The 
heating element that generates constant heating power is used to sim-

ulate human skin, and the skin temperature and humidity are meas-
ured with the humidity probe. d Relative humidity versus time curve 
of the simulated skin surface at different ambient humidity (70, 80, 
90%). e Average relative humidity under 5 dehumidification cycles 
(dehumidification for 4 h, solar-driven desorption for 2 h). f Compari-
son of dehumidifying effect of HOGF device and other types in the 
similar environment
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humidity in a small space, resulting in corresponding values 
of 27.9, 31.0 and 33.4% within 15 min, respectively. Finally, 
considering that people may wear clothes for about 12 h, 
a relatively long time of dehumidification experiment was 
also conducted in Fig. S15b. A homemade apparatus was 
designed to provide a stable RH of 90%. As a result, the 
HOGF-based device can endow the limited space above the 
simulated skin with a comfortable atmosphere with a maxi-
mum RH of 70.2% (the human body's comfortable humidity 
range is 30–80%), demonstrating a continuous dehumidifica-
tion performance. Therefore, the ability to dehumidify and 
promote perspiration for a longer period is stable. However, 
this humidity is still within the range of humidity that is 
comfortable for the human body, and it still has a certain 
promotion effect on human sweating in high humidity ambi-
ent. Meanwhile, the breathability of HOGF textile and non-
woven fabrics were also tested (Fig. S16). The result showed 
that HOGF textile had higher breathability than that of the 
non-woven fabrics, showing the significant potentials in real-
izing comfortable functional textiles.

The HOGF-based dehumidification device was also fea-
tured with favorable photothermal conversion performance, 
which could regenerate after a process of solar-driven water 
releasing. The plasmon resonance effect of AgNPs enabled 
photothermal conversion performance can be applied in this 
device. As shown in Fig. 5e, we applied the HOGF textile for 
continuous dehumidification for 4 h, and then placed it under 
simulated solar irradiation (1 sun) for a controlled desorp-
tion (~ 2 h). The result showed that the HOGF textile can 

experience a good cyclic performance of moisture absorp-
tion, with an average RH of 47.26, 48.40, 50.12, and 52.12%.

Compared with existing work, the dehumidification range 
of CAU1-OH is 60–40% [28]; BIT-66(V3(BTB)2(O)3  (H2O)) 
is 71–55%; [32] silica gel-based desiccant compound is 
90–50% [50]; NEXAR™ is 81–71% [51];  CoCl2 system is 
75–60% [27]. However, the dehumidification performance 
of HOGF device in this work is excellent, it can reduce the 
humidity from 90% to 33.4% (the lowest value) in a very 
short time of 12.5 min (Fig. 5f).

In the high-humidity environment, the human skin sur-
face is prone to breed abundant microorganisms (including 
pathogenic and fungus). Therefore, endowing long-term 
and controllable antimicrobial performance to HOGF tex-
tiles is highly desired. For this purpose, AgNPs as nano-
precious metal materials with plasmonic resonance effect 
can endow HOGFs with antimicrobial properties, enhancing 
their stability and durability, which tended to highly against 
S. aureus and E. coli based on the touch-killing strategy 
(Fig.  6a). The representative fluorescence microscopy 
images to show S. aureus and E. coli accumulation upon the 
surface of HOGFs (AgNPs) and HOGFs (without AgNPs) 
are provided in Fig. 6b

The representative fluorescence microscopy images to 
show S. aureus and E. coli accumulation upon the surface 
of HOGFs (AgNPs) and HOGFs (without AgNPs) are pro-
vided in Fig. 6b.

After being fully stained by Live/Dead Backlight Kit, 
the alive cells exhibited fluorescent green while the dead 

Fig. 6  a Schematic diagram for HOGF textile with excellent anti-
bacterial performances. b Representative fluorescence microscopic 
images and c corresponding statistical killing efficiency to show S. 
aureus and E. coli accumulation upon the surface of HOGFs (AgNPs) 
and HOGFs (without AgNPs) textiles. The successionally dynamic 
recording OD value of d E. coli and e S. aureus solutions to show 

the long-term antibacterial properties for cocultured HOGFs (AgNPs) 
and HOGFs (without AgNPs) textiles at 37 °C. Note that during the 
critical interval as bacterial density reach to an equilibrium state (24 h 
for E. coli and 12 h for S. aureus), the media (LB and TS) will be re-
added for bacterial solutions



599Advanced Fiber Materials (2023) 5:588–602 

1 3

cells emitted bright red fluorescence. Obviously, the HOGFs 
(AgNPs) presented full of bacteria in red, compared to 
HOGFs (without AgNPs) as a control group. Quantitatively, 
for detailed killing efficacy, the proportion of dead cells for 
HOGFs (AgNPs) was ~ 100%/ ~ 100% against E. coli/ S. 
aureus, where only ~ 1.85% and 0% of cells upon HOGFs 
(without AgNPs) were found to be inactivated (Fig. 6c). On 
the other hand, the long-term dynamic OD value tests for 
both bacteria were also recorded to the cocultured bacte-
rial solutions via UV–Vis spectra (600 nm) [52]. As shown 
in Fig. 6d, e, the recorded OD value for HOGFs (without 
AgNPs) presented exponential growth and then reached to 
equilibrium state during the coculture time, which was con-
sistent with the normal growth tendency of bacteria. How-
ever, the HOGF (AgNPs) cocultured group was enabled to 
maintain a very low OD value (< 0.02) during the whole cul-
ture process and the bacterial density cannot further increase 
as the media re-added. All these results demonstrate that our 
designed HOGF textile possesses very excellent antibacterial 
performance and enabled it to become a novel antibacterial 
textile. It provides the basis for durable applications in high 
humidity environments.

Conclusion

In summary, we have developed a continuous wet-spinning 
method for fabricating knittable HOGFs to obtain the mois-
ture-capture-related multifunctional devices. The resultant 
HOGFs were composed of a hydrophilic polymeric network, 
hygroscopic glycerol, and photothermal AgNPs, which 
endowed the fiber with high water vapor sorption capacity. 
When woven into a multilayer textile, a self-sustained solar 
evaporator can be constructed with adjustable configura-
tions, showing a saturated moisture capacity of 1.63 kg  m−2 
and water releasing rate of 1.46 kg  m−2  h−1. Furthermore, 
the HOGFs decorated with breathable wearable features can 
be readily integrated into the surface of commercial tex-
tiles for personal dehumidification devices. Meanwhile, the 
introduction of AgNPs can also endow the personal device 
with favorable antibacterial performance. As a result, the 
developed HOGFs have provided a new pathway for a pro-
grammable and wearable hygroscopic materials platform, 
demonstrating significant potential in editable and wearable 
moisture-capture multifunctional devices.
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