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Abstract

Freshwater scarcity has become a severe global crisis, and sorption-based atmospheric water harvesting (SAWH) is a promising solution.
Traditional lithium chloride-based hygroscopic hydrogels suffer from sluggish adsorption-desorption kinetics caused by disordered pore
channels and insufficient internal mass transfer. In this work, a photothermal hygroscopic hydrogel (DFHG-Li) with vertically aligned
directional channels is synthesized through directional freezing-assisted polymerization. Directed ice templates create unobstructed mass
transfer tunnels, graphene oxide endows excellent solar-to-thermal conversion performance, and evenly anchored LiCl offers abundant
water capture sites. Characterizations confirm complete pore integrity and uniform salt distribution. Optimized DFHG-Li reaches swelling
equilibrium in merely 3 min and delivers a high water uptake of 3.37 g g-! at 90% RH. Under 1 sun irradiation, its surface temperature rises
to 51.2 °C within 15 min, achieving a desorption efficiency of 91.5% in 70 min. After 20 adsorption-desorption cycles, over 89% of its initial
water absorption capacity is maintained. This work provides an effective structural regulation strategy to boost mass transfer for
high-efficiency solar-driven atmospheric water harvesting.
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1. Introduction

Global freshwater scarcity poses a major threat to human sustainable development, given that merely 2.5% of Earth’s water is
accessible freshwater and over two-thirds of this fraction is trapped within glaciers and deep underground aquifers!!l. With continued
global population growth, accelerating industrialization, and intensifying climate change, water pollution and the imbalance between
water supply and demand are becoming increasingly prominent!?. It is projected that by 2050, more than 50% of the global population
will face freshwater scarcityl®l. In this context, the approximately 12.9 trillion tons of water vapor present in the atmosphere
represent a potential renewable freshwater source, and its exploitation and utilization are regarded as a promising approach to
alleviating the global water crisis!*l.

Sorption-based atmospheric water harvesting (SAWH) technology has emerged as a research hotspot owing to its unique advantages,
including broad humidity applicability, decentralized deployability, and low energy consumption, without being constrained by
geographical and climatic conditionsl’l. The core of this technology lies in the capture and conversion of water vapor through the
adsorption-desorption cycles of sorbents, whose performance directly determines the freshwater yield and energy efficiency of the
water harvesting systeml’l. In recent years, various high-performance sorbents have been developed, including metal-organic
frameworks (MOFs), covalent organic frameworks (COFs), and hygroscopic salt-based composite materials!®l. Among these,
hygroscopic salt-hydrogel composites (HSHCs) offer a compelling combination of fast adsorption kinetics, high water storage, and
structural stability. The hydrogel matrix confines hygroscopic salts (e.g., LiCl) to boost adsorption performance while simultaneously
preventing salt leakagel’l. Furthermore, through the molecular design of the hydrogel network, precise regulation of adsorption

© The Author(s) 2026. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International License

BY (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and reproduction in
any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.


https://crossmark.crossref.org/dialog?doi=10.70401/tx.2026.0038&domain=pdf
mailto:liyf@sspu.edu.cn
mailto:llwang@sspu.edu.cn
https://doi.org/10.70401/tx.2026.0038
https://creativecommons.org/licenses/by/4.0/

Thermo-X. 2027;3:202634 | https://doi.org/10.70401/tx.2026.0038 Page 2 of 13

capacity or desorption energy consumption can be realized!'’l. Graeber et al. investigated LiCl-doped polyacrylamide non-porous
homogeneous hygroscopic hydrogels, which were fabricated via solution crosslinking, and systematically analyzed their water vapor
transport behaviorl!!l, This salt-doped system achieved high water vapor adsorption capacity under moderate-to-high humidity
conditions; however, the dense homogeneous network imposed substantial diffusional resistance to water molecules within the
interior, resulting in poor adsorption-desorption kinetics and prolonged equilibration time!'?l. To improve mass transfer efficiency,
the foaming method has been explored to construct porous structures within the hydrogel, wherein randomly distributed
macropores are generated using bubble templates to increase the contact area with water vapor, thereby accelerating the moisture
capture rate to some extent. For example, Song et al. employed mechanical foaming combined with in situ polymerization to
fabricate a PAM/PVA double-network hygroscopic hydrogel with a layered porous structure, achieving an adsorption capacity of
0.785-3.507 g/g over a broad humidity range of 30%-90%!'*l. However, Zhao et al. systematically pointed out in their review that
porous polymeric materials prepared by the foaming method often suffer from poor pore interconnectivity, tortuous mass transfer
pathways, and issues such as pore collapse and localized salt agglomeration during cyclic operation, which compromise their
long-term service stabilityl'!l. To overcome these limitations, the cryogelation method employs ice-crystal templating to construct
continuous macroporous networks, effectively reducing diffusional resistancel!>!°), However, non-directional freezing results in
honeycomb-like pore morphology with lower pore connectivity compared to the lamellar structure obtained by unidirectional
freezing!'’l. Hence, precise fabrication of directionally ordered pore channels is critical for optimizing cryogel-based hygroscopic
hydrogels!'s19,

It is worth noting that the construction of interconnected and ordered pore channels through the regulation of directional ice crystal
growth has been demonstrated as an effective strategy to alleviate the mass transfer resistance of water vapor in hygroscopic
hydrogels and to overcome the bottleneck of adsorption kinetics?’l. Beyond atmospheric water harvesting, such vertically aligned
channel architecture also enables enhanced performance for other gas-treatment applications. For instance, Fang et al. reported that
multi-scale micro-nano channels fabricated by directional freezing greatly boost mass-transfer efficiency, realizing 83.8%
formaldehyde removal within 12 h, which is 60.8% faster than the counterpart without aligned channels!’!l. With respect to the
regulatory role of directional pore channels on mass transfer behavior, Entezari et al. fabricated a binary hydrophilic polymer
salt/functionalized multi-walled carbon nanotube (FCNT) composite hydrogel by using sodium alginate as the matrix, modifying it
with Li* and Ca?' to increase adsorption sites, and incorporating FCNTs to enhance photothermal absorption, achieving an adsorption
capacity of 5.6 g/g at 70% relative humidity!??l. Li et al. prepared polyvinyl alcohol/sodium alginate composite aerogels via directional
freezing, using carbon nanotubes as the photothermal absorber, which achieved a light absorption rate as high as 97% and a water
evaporation rate of 2.7 kg-m 2*h"! under one sun illumination!?3..

To meet the application demand for solar-driven in situ regeneration, photothermal functionalization has become the mainstream
modification strategy for directional hygroscopic hydrogels!>*?°, Liu et al. confirmed that integrating broadband photothermal
mediators such as carbon nanotubes, MXene, and graphene oxide with LiCl lowers desorption activation energy and improves water
release efficiency under light irradiation!*°l. Following this rationale, Zhu et al. demonstrated the feasibility of integrating directional
pore channels with photothermal fillers by fabricating cellulose nanofiber/LiCl composite adsorbents via 3D printing combined with
freeze-drying, which achieved 1.6-fold higher adsorption rate and 2.4-fold higher release rate than conventional freeze-dried
aerogels!?’l. However, this approach still faces common bottlenecks in achieving long-term cyclic stability. Li et al. developed
bacterial cellulose/sodium alginate/graphene oxide/lithium chloride (BC/SA/GO-LiCl) aerogels via directional freezing, which
achieved adsorption capacities of 1.4-5.7 g-g! over a relative humidity range of 30%-90%!%%l. Nevertheless, the crosslinked network
based on a single-network polymer matrix is prone to skeleton shrinkage and deformation under high LiCl loading and repeated
adsorption-desorption cycles?’l. Thus, although current research has made progress in the integration of directional pore channels
and photothermal functionality, how to simultaneously ensure cyclic structural stability on the basis of efficient mass transfer and
photothermal desorption remains a core challenge that urgently needs to be addressed in this field3%-31,

To address the low mass transfer efficiency of conventional freeze-cast hydrogels and the insufficient synergy of photothermal
regeneration and cyclic stability in existing directional materials, this study proposes a directional freezing-assisted polymerization
strategy to fabricate a graphene oxide-modified photothermal hygroscopic hydrogel with vertically aligned channels (DFHG-Li).
Unlike non-directional freezing, a unidirectional temperature gradient is established via a bottom copper plate to induce vertical ice
crystal growth, leaving continuous channels that serve as rapid pathways for water vapor and salt solution transport after thawing.
GO is incorporated to enable broadband photothermal conversion for solar-driven desorption at reduced energy cost. The DFHG-Li
was synthesized from acrylamide (AM) and N,N'-methylenebisacrylamide (MBAA) via directional freezing in situ polymerization,
followed by LiCl immersion loading, yielding a composite sorbent with fast adsorption, efficient photothermal desorption, and robust
cyclic stability. Systematic characterization of the microstructure, composition, mechanical/thermal properties, and
adsorption-desorption kinetics was conducted to unravel the regulatory mechanisms of directional channels and
photothermal-hygroscopic synergy on water harvesting performance. This integrated strategy offers a new paradigm for overcoming
the dual bottlenecks of poor mass transfer and high regeneration energy in HSHCs, paving the way toward low-cost, practical
solar-driven atmospheric water harvesting.
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2. Methods

2.1 Materials

AM (= 99.0%), MBAA (= 95.0%), and LiCl (analytical grade, = 99.0%) were purchased from Shanghai Titan Scientific Co., Ltd.
Ammonium persulfate (APS, = 98.0%) was supplied by Sinopharm Chemical Reagent Co., Ltd., and graphene oxide was obtained from
Hangzhou Gaoxi Technology Co., Ltd. All reagents were used as received without any further purification.

2.2 Preparation of directionally frozen hydrogels (DFH, DFHG, and DFHG-Li)

For the preparation of DFH, 0.02 g of MBAA and varying amounts of AM (6 wt%, 9 wt%, and 12 wt%) were dissolved in 10 mL of
deionized water under stirring at 500 rpm for 30 min at room temperature. Subsequently, 0.04 g of APS was added and stirred for
1 min. The resulting solution was poured into a polytetrafluoroethylene (PTFE) mold equipped with a copper plate at the bottom, and
then frozen at -20 °C for 3 h to induce directional growth of ice crystals, followed by polymerization at -5 °C for 12 h. The obtained
samples were designated according to the AM content. For the preparation of DFHG, 15 mg of GO powder was added to the precursor
solution and stirred at 500 rpm for more than 1 h at room temperature to form a homogeneous suspension, after which the
subsequent procedures were identical to those for DFH. The as-prepared products were rinsed with deionized water three times to
remove residual reagents. For the preparation of DFHG-Li, the DFHG samples dried to constant weight were immersed in LiCl aqueous
solutions of varying concentrations (optimally 10 wt%) for 48 h. After reaching adsorption saturation, the samples were dried in an
oven at 60 °C to constant weight. The final products were designated according to the AM content and LiCl concentration.

2.3 Preparation of conventional hygroscopic hydrogel (CHG-Li)

For comparative performance evaluation, a homogeneous solution containing AM, MBAA, GO, and APS was prepared following the
same precursor formulation as that of DFHG. Instead of undergoing freezing pretreatment, the solution was directly poured into a
PTFE mold and subjected to thermal polymerization in an oven at 80 °C for 2 h to obtain CHG. After rinsing with deionized water, the
CHG was immersed in a 10 wt% LiCl solution for 48 h and then dried at 60 °C to constant weight, yielding CHG-Li.

2.4 Characterization and performance testing

The morphology and elemental distribution of samples were observed by scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM-EDS, Apreo 2S, Thermo Fisher Scientific, USA). X-ray diffraction (XRD) patterns were collected on
an X-ray diffractometer (XRD 6100, Shimadzu, Japan). Fourier transform infrared (FTIR) spectra were acquired using a Nicolet IS 10
spectrometer (Thermo Fisher Scientific, USA). Thermogravimetric analysis (TG/DTG) was carried out on a STA 449 F3 thermal
gravimetric analyzer (NETZSCH, Germany). UV-Vis-NIR absorption spectra were measured by a Lambda 950 spectrophotometer
(PerkinElmer, USA). Solar illumination was simulated with an HM-Xe 500W xenon-lamp solar simulator (Zhongjiao Jinyuan, China).
Surface temperature was recorded by a Ti401 PRO infrared thermal imager (Fluke, USA). Hygroscopic tests were performed in a
SETH-S-020R constant temperature-humidity chamber (Espec, Japan).

For swelling performance testing, cuboid samples with dimensions of 10 x 10 x 5 mm were used for swelling measurement. The
DFHG-Li and CHG-Li samples dried to constant weight (initial mass recorded as m,) were immersed in a 10 wt% LiCl solution at 25 °C,
and the sample mass (recorded as m,) was periodically measured until no further changes were observed after 10 min. The swelling
ratio (SR) was calculated according to Equation (1), and the swelling kinetic curves were plotted accordingly*?!:

m¢ — Mo

SR = x 100% )

mo
where SR is the swelling ratio (%), m, is the real-time mass of the sample (g), and m, is the initial dry mass of the sample (g).

For hygroscopic performance testing, rectangular samples (10 x 10 x 5 mm) were employed for hygroscopic, photothermal desorption
and cyclic stability tests. The DFHG-Li and CHG-Li samples dried to constant weight (initial mass recorded as m,) were placed in a
constant temperature and humidity chamber under different relative humidity conditions (30%, 50%, 70%, and 90%) at 25 °C. The
sample mass (recorded as m,) was weighed at 1 h intervals until the mass change rate fell below 0.05%, indicating that hygroscopic
equilibrium had been reached. The water uptake (W) was then calculated according to Equation (2)i3%:

W = my — mo 2

mo

where W is the water uptake (g/g), m, is the real-time mass of the sample (g), and m, is the initial dry mass of the sample (g).
Additionally, the effects of varying AM content (0.6 g, 0.9 g, and 1.2 g) and LiCl concentration (5 wt%, 10 wt%, 20 wt%, and 30 wt%) on the
hygroscopic performance were investigated, and the corresponding hygroscopic kinetic curves were plotted.

For photothermal conversion and desorption performance testing, the light absorption spectra of DFHG-Li and CHG-Li were
measured using a UV-Vis-NIR spectrophotometer over the wavelength range of 300-1,400 nm to evaluate the light absorption
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efficiency of GO. The moisture-saturated samples were then placed under a xenon lamp solar simulator at different light intensities
(0.5, 1.0, and 1.5 sun), and the surface temperature was monitored in real time using an infrared thermal imager to record the
temperature-time curves for assessing the photothermal conversion efficiency. One sun illumination corresponds to a solar
irradiance of 1 kW m™. For desorption performance testing, the moisture-saturated samples (initial mass recorded as my) were placed
on an electronic balance and subjected to desorption experiments under solar illumination of varying intensities. The sample mass
(recorded as m,) was recorded at 1 min intervals, and the desorption rate (D) was calculated according to Equation (3)13334];

ms—m
D=—"—"x100% (3
ms — My
where D is the desorption rate (%), my is the mass of the moisture-saturated sample (g), m,, is the real-time mass during the desorption
process (g), and m, is the initial dry mass of the sample (g).

3. Results and Discussion

3.1 Microstructural morphology analysis

The preparation of DFHG-Li integrates directional freezing technology, in situ polymerization, and hygroscopic salt loading, and the
corresponding preparation mechanism is illustrated in Figure 1. At -20 °C, the water in the hydrogel precursor solution undergoes
directional growth into oriented ice crystals along the vertical direction, driven by the directional thermal conduction of the copper
plate at the bottom. Concurrently, APS initiates the in situ polymerization of AM monomers with MBAA crosslinker to form the
polymer network. The temperature is then raised to -5 °C to allow further reaction. Upon thawing, the ice crystals melt away, leaving
behind a hydrogel with a directionally aligned channel structure in situ. GO is uniformly dispersed throughout the network to impart
photothermal properties. Finally, immersion in a LiCl solution enables the loading of the hygroscopic salt into both the hydrogel
network and the directional channels, successfully yielding the DFHG-Li hygroscopic hydrogel.

Ice growing

f r
Directional Freezing ] s { s /o LiCl Load'ing

.‘/HI’H,HH[

7 GO @AM @ MBAA 4 APS @ LicCl

Figure 1. Schematic illustration of the fabrication process of DFHG-Li. GO: graphene oxide; AM: acrylamide; MBAA: N,N'-methylenebisacrylamide; APS: ammonium persulfate;

LiCl: lithium chloride.

The SEM images of CHG, DFHG, and DFHG-Li, along with the EDS mapping of DFHG-Li, are presented in Figure 2. The conventional
hydrogel CHG exhibits a dense internal structure with irregularly distributed pores of relatively small size (Figure 2a), which is
attributed to the non-directional growth of ice crystals during conventional freeze-drying, resulting in disordered and poorly
interconnected channels. In contrast, the surface view (Figure 2b) and cross-sectional view (Figure 2¢) of DFHG reveal a well-defined
directionally aligned channel structure. The channels extend orderly along the freezing direction with uniform pore sizes, and
abundant micropores are distributed on the channel walls. Owing to local curvature of ice-crystal-templated pore walls, slight
undulation can be observed for individual channel walls, while the overall channels maintain long-range vertical continuity.
Additional wide-field side-view SEM micrographs of DFHG (Figure S1 and Figure S2) further verify that the vertically aligned channels
penetrate the entire monolith rather than only existing in local regions. The formation mechanism of this oriented structure can be
explained as follows: during directional freezing, ice crystals grow preferentially along the temperature gradient direction, leaving
behind orderly aligned channels after freeze-drying, while solutes at the ice crystal front are expelled into the interstices between ice
crystals, generating micropores on the channel walls. This architecture provides rapid pathways for water transport and gas
diffusion, while also increasing the contact area with the atmosphere, which is beneficial for both water vapor adsorption and
desorption. These results confirm that the directional freezing strategy can effectively construct ordered porous structures, providing
a structural foundation for optimizing adsorption kinetic performance.

The structure and elemental distribution after LiCl loading were characterized by SEM and EDS, with the results presented in
Figure 2d,e. The SEM image of DFHG-Li (Figure 2d) shows that the directionally aligned channel structure remained intact without
collapse after LiCl loading, and LiCl was uniformly dispersed on the channel walls and within the network without agglomeration.
The underlying mechanism can be attributed to the coordination or ion-dipole interactions between the polar groups (e.g., hydroxyl
and amide groups) in the hydrogel network and Li* and CI" ions, which effectively anchor LiCl and suppress its migration and
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aggregation during drying. The EDS mapping (Figure 2e) reveals that elements including C, O, N, and Cl are uniformly distributed
throughout DFHG-LI, further confirming the successful loading and homogeneous dispersion of LiCl. Collectively, the intermolecular
interactions between the hydrogel network and LiCl are key to maintaining structural integrity and achieving uniform dispersion,
which provides a structural foundation for the excellent hygroscopic performance of the material.

Figure 2. SEM images of CHG (a); DFHG surface (b); DFHG cross-section (c); and DFHG-Li (d); (e) EDS elemental mapping of DFHG-Li. SEM: scanning electron microscopy;
CHG: conventional hygroscopic hydrogel.

3.2 Structural characterization and basic properties of freeze-cast hydrogels

The phase structure of the composite materials was characterized by XRD, with the results shown in Figure 3a. DFHG exhibits no
distinct diffraction peaks, indicating that the PAM network is amorphous and that directional freezing did not induce polymer
crystallization. This is attributed to the fact that during freezing, polymer chains are excluded into the interstices between ice
crystals, where chain segment mobility is restricted without ordered arrangement, which is beneficial for maintaining network
flexibility and swelling performance. Before water absorption, DFHG-Li displays characteristic diffraction peaks of LiCl at 20 = 33° and
60°, indicating that LiCl is loaded into the network in a crystalline state. After water absorption, these characteristic peaks disappear,
revealing an amorphous structure. The underlying mechanism is that LiCl undergoes deliquescence upon water uptake, dissociating
into Li* and Cl” ions and forming an aqueous solution that is uniformly dispersed within the polymer network, thereby disrupting the
crystalline structure. This transformation is consistent with the hygroscopic mechanism of LiCl, confirming the water-induced
crystalline-to-amorphous transition. The chemical structure and interactions of the composite materials were characterized by FTIR,
with the results presented in Figure 3b. DFHG exhibits a broad peak at 3,435 cm™! corresponding to the stretching vibration of -NH, in
AM, a peak at 1,650 cm™! corresponding to C=0 stretching vibration, and a peak at 1,452 cm™ corresponding to C-N stretching
vibration, confirming the successful polymerization of AM with MBAA to form the PAM network. A weak absorption peak at 1,050 cm™!
is attributed to the C-O-C stretching vibration of GO, confirming the successful incorporation of GO. In DFHG-Li, the peak at
3,435 cm™! becomes broader and more intense, which is ascribed to the formation of hydrogen bonds or ion-dipole interactions
between Li* and the oxygen-containing functional groups (e.g., C=0, C-0O-C) in the polymer network, enhancing the O-H/N-H
hydrogen bonding network. A characteristic absorption peak of Cl- appears at 625 cm™!, indicating the successful loading of LiCl and
its interaction with the polymer network.
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Figure 3. (a) XRD patterns of DFHG and DFHG-Li before and after water absorption; (b) FTIR spectra of DFHG-Li, DFHG, AM, and LiCl; (c) Swelling behaviors of the as-prepared
DFHG-Li and CHG-Li in 10 wt% LiCl solution, where DFHG-Li exhibits faster swelling kinetics; (d) Hygroscopic and solar-driven desorption kinetics of DFHG-Li and CHG-Li at
25 °C, showing the moisture uptake at 90% relative humidity and the desorption rate under 1.0 sun illumination. XRD: X-ray diffraction; FTIR: Fourier transform infrared;

AM: acrylamide; LiCl: lithium chloride; CHG: conventional hygroscopic hydrogel.

The solution transport performance of the composite materials was evaluated by swelling kinetic curves, with the results shown in
Figure 3c. The swelling rate of DFHG-Li in 10 wt% LiCl solution was significantly higher than that of CHG-Li: DFHG-Li reached swelling
equilibrium within 3 min, whereas CHG-Li required more than 10 min. The underlying mechanism is that the directionally aligned
channel structure in DFHG-Li provides rapid convective and diffusive pathways for the LiCl solution, shortening the time for the
solution to reach the interior of the network. In contrast, the irregular and dense pore structure of CHG-Li restricts the solution
transport rate. This indicates that the directional channel structure can significantly enhance the mass transfer performance of the
material. The adsorption and regeneration performance of the composite materials were evaluated by hygroscopic-desorption
kinetic curves, with the results presented in Figure 3d. The moisture adsorption rate, equilibrium adsorption capacity, and desorption
rate of DFHG-Li were all significantly superior to those of CHG-Li. The mechanism can be attributed to the fact that during adsorption,
the directional channel structure increases the contact area between water vapor and the hygroscopic sites (LiCl), while also
providing rapid diffusion pathways for water molecules. During desorption, the ordered channels facilitate the rapid escape of water,
preventing water molecules from being trapped within the network. These results confirm that the directional channel structure can
synergistically optimize both adsorption and desorption kinetics, endowing DFHG-Li with distinct advantages in terms of
high-efficiency adsorption and low-energy regeneration.

Good mechanical properties and thermal stability are two key evaluation criteria for assessing the long-term service reliability of
hygroscopic hydrogels and determining their reusability for cyclic atmospheric water harvesting. As shown in Figure 4a, upon
removal of the applied compressive load, the DFHG-Li sample rapidly rebounds and recovers its original morphology within a short
period, without collapse, cracking, or other undesirable phenomena, demonstrating excellent elastic recovery characteristics. This
can be attributed to the synergistic structural effect arising from the vertically aligned directional channels and the chemically
crosslinked polymer network within the material: the crosslinked skeleton provides stable mechanical support, while the directional
pores can disperse and buffer the applied stress through deformation of the pore walls under external loading, effectively avoiding
network fracture and structural damage caused by localized stress concentration, thereby ensuring the integrity of the framework
during repeated swelling and dehydration cycles. Supplementary Video S1 further records the compression-rebounding process of
DFHG-Li, intuitively demonstrating its excellent elastic resilience under compressive loading. The water droplet wetting test in
Figure 4b intuitively reveals the surface wettability of the material. The droplet was completely adsorbed and infiltrated into the
matrix within only 0.5 s after contacting the surface, confirming that DFHG-Li possesses excellent superhydrophilicity. Benefiting
from the synergistic effect of abundant hydrophilic functional groups in the polymer skeleton and the capillary wicking effect of the
pores, the material can rapidly capture gaseous water molecules from the ambient environment, substantially shortening the
induction period of water vapor adsorption and enhancing the overall hygroscopic kinetics.
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Figure 4. (a) Photographs of DFHG-Li before and after compression; (b) Water adsorption test images of DFHG-LJ; (c, d) DTG and TG curves of DFHG, CHG-Li, and DFHG-L;
(e) Water uptake performance of CHG-Li and DFHG-Li at different humidity levels, data are mean + standard deviation from three independent replicate tests; (f) Macroscopic

comparison images of the samples before and after desorption. CHG: conventional hygroscopic hydrogel.

As revealed by the TG and DTG curves in Figure 4c,d, the water evaporation regions of the three samples are distinctly different. Most
of the water adsorbed by DFHG-Li exists in the form of free water, with weak interaction forces between the water molecules and the
matrix, making them readily desorbed and evaporated upon heating. The DTG results show that the maximum water loss rate of this
sample occurs at approximately 100 °C, with a consistently high dehydration rate maintained in the range of 50-130 °C. The total
weight loss over the entire temperature range is much higher than that of the DFHG sample without LiCl loading, which is essentially
attributed to the strong deliquescent adsorption capacity of LiCl that enables the material to accumulate a large amount of free
water. Meanwhile, all tested samples exhibit a slowed weight loss rate at high temperatures above 300 °C, accompanied by a delayed
thermal decomposition process of the polymer matrix, demonstrating that the DFHG-series hydrogel matrices possess excellent
thermal stability and do not undergo thermal degradation under daily solar-driven photothermal desorption conditions, thus
meeting the temperature requirements for practical water harvesting applications. To differentiate various water states inside
hydrogels, temperature-segmentation analysis was conducted based on DTG desorption characteristics. Three temperature ranges
were defined: free water below 80 °C, weakly bound water from 80 °C to 125 °C, and strongly bound water above 125 °C. Free water
weakly interacts with the matrix and desorbs at low temperature. Weakly bound water accounts for the primary weight-loss,
whereas strongly bound water demands higher thermal energy for removal. Compared with CHG-Li, DFHG and DFHG-Li show
evidently left-shifted desorption peaks and suppressed high-temperature tails. Directional aligned channels provide low-resistance
vapor-escape pathways, decrease mass-transfer resistance and modulate water-matrix interfacial interactions. These effects reduce
desorption temperature and lower the proportion of strongly bound water, collectively improving photothermal desorption
performance.

The water uptake performance curves under different relative humidity conditions (Figure 4e) show that DFHG-Li exhibits
significantly higher water uptake than CHG-Li across all humidity environments, and this advantage becomes more pronounced with
increasing humidity. Notably, DFHG-Li still delivers considerable moisture harvesting capacity even under dry low-humidity
conditions. Specifically, under dry conditions at 30% RH, the water uptake of DFHG-Li reaches 0.89 g/g, which is 1.71 times that of
CHG-Li (0.52 g/g); while under high humidity conditions at 90% RH, the water uptake of DFHG-Li reaches as high as 3.37 g/g, far
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exceeding that of CHG-Li (2.15 g/g). These results fully demonstrate that DFHG-Li exhibits competitive hygroscopic performance not
only under conventional and high humidity conditions but also in arid low humidity environments, significantly broadening its
potential application range across different climatic regions. The macroscopic comparison images of the samples before and after
adsorption and desorption (Figure 4f) further reveal that the desorbed samples can fully recover to their initial morphology without
obvious deformation, damage, or volume shrinkage, once again verifying the favorable structural stability and reusability of DFHG-Li.

3.3 Effect of parameters on hygroscopic performance

Preparation parameters are key factors in regulating the hygroscopic performance of DFHG-Li, among which LiCl concentration, AM
content, and the directional channel structure exert the most significant effects. All above-mentioned parameter-dependent
hygroscopic measurements in Figure 5 were carried out under 90% RH. The LiCl concentration exhibits a pronounced regulatory
effect on the hygroscopic performance of DFHG-Li. As the LiCl concentration increases from low to high, the moisture adsorption rate
and equilibrium water uptake first increase significantly, reaching a maximum equilibrium water uptake of 3.37 g/g at 10 wt%.
However, upon further increasing the LiCl concentration to 20wt% and 30wt%, the equilibrium water uptake decreases and the
adsorption rate slows down considerably. This optimum loading arises from multiple competing factors. An appropriate amount of
LiCl supplies abundant hygroscopic sites inside the hydrogel to boost adsorption capacity. FTIR results confirm ion dipole
interactions between Li* and amide/hydroxyl groups of the PAM network, which act as salt anchoring sites. Once salt content exceeds
the anchoring capacity of these polar groups, surplus LiCl tends to crystallize and aggregate. Salt aggregation reduces the effective
contact area between water vapor and salt and may partially block internal mass transport pathways. Besides, excessively
concentrated immersion solutions can trigger salting-out-induced deswelling of the PAM matrix and even partial collapse of
directional pore channels, further impairing hygroscopic performance. Taking these competing effects into consideration, 10 wt%
was therefore determined as the optimal LiCl loading concentration, which balances sufficient hygroscopic sites, unobstructed mass
transport pathways, and intact hydrogel architecture.
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Figure 5. (a) Water uptake performance of DFHG-Li with different salt contents at 25 °C and 90% RH; (b) Water uptake performance of DFHG-Li with different AM contents at
25 °C and 90% RH; (c) Water uptake performance of DFH-Li, CH-Li, and DFH at 25 °C and 90% RH; (d) Water uptake performance of DFHG-Li with different GO contents at
25 °Cand 90% RH. AM: acrylamide; GO: graphene oxide.

The AM content also exerts a significant regulatory effect on the hygroscopic performance of DFHG-Li. When the AM mass fraction
increases from 6 wt% to 9 wt%, both the moisture adsorption rate and equilibrium water uptake of DFHG-Li show an upward trend.
However, upon further increasing the AM content to 12 wt%, the equilibrium water uptake decreases markedly and the time required
to reach adsorption equilibrium is prolonged. This variation can be attributed to the evolution of the polymer network structure: a
moderate AM content (9 wt%) enables the formation of an intact and stable three-dimensional network, providing sufficient loading
sites for LiCl and ensuring rapid diffusion channels for water molecules. When the AM content is excessively high, the crosslinking
density of the polymer increases, leading to reduced network porosity and increased resistance to water diffusion, thereby
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suppressing the adsorption kinetics. Conversely, when the AM content is too low, the polymer network becomes incomplete and
defective, making it difficult to effectively confine LiCl, which results in salt leakage and a decline in adsorption capacity. Accordingly,
the optimal AM content was determined to be 9 wt%.

The synergistic effect of the directional channel structure and LiCl loading is central to the excellent hygroscopic performance of
DFHG-Li. By comparing hydrogel samples with different structures and compositions, it is evident that the hygroscopic performance
of DFHG-Li is significantly superior to that of conventional hydrogels without directional structure and directionally frozen hydrogels
without LiCl loading. This result indicates that both the directional channel structure and LiCl loading play critical roles in enhancing
the hygroscopic performance: the directional channel structure provides rapid pathways for water transport and accelerates the
mass transfer process, while LiCl supplies abundant hygroscopic sites. Their synergistic interaction substantially enhances the overall
hygroscopic performance. In contrast, hydrogels without directional structure suffer from poor mass transfer efficiency and
consequently inferior hygroscopic performance, while directionally frozen hydrogels without LiCl loading rely solely on the physical
adsorption of the polymer network, resulting in extremely limited adsorption capacity.

3.4 Photothermal performance and cyclic stability

The schematic diagram of the adsorption-desorption process of DFHG-Li is illustrated in Figure 6. During the adsorption stage, water
vapor from the atmosphere first undergoes physical adsorption on the hydrophilic groups (e.g., -NH,, -COOH, etc.) and LiCl on the
hydrogel surface, forming an adsorbed film. Subsequently, LiCl chemically reacts with the adsorbed water vapor to form LiCl-nH,0
hydrates, which gradually deliquesce into an aqueous LiCl solution. Driven by the concentration gradient, this deliquesced solution
rapidly diffuses through the directional channels into the interior of the hydrogel, where it is encapsulated and stored within the
polymer network[>’l. Meanwhile, the surface adsorption sites are continuously regenerated, enabling sustained capture of water
vapor from the atmosphere. During the desorption stage, GO converts solar energy into thermal energy under sunlight irradiation,
elevating the surface temperature of the hydrogel and thereby reducing the adsorption affinity of the material toward water
molecules. Concurrently, the directionally aligned channel structure accelerates both the transfer of heat to the interior and the
diffusion of water vapor to the surface, facilitating rapid water evaporation. The evaporated water vapor then condenses on the inner
walls of the water collection device to form fresh water, thereby completing the water harvesting process.

Moisture

Adsorption

()

Desorption

Dry DFHG-Li

Hydrated DFHG-Li

Figure 6. Schematic illustration of the water adsorption/desorption process.

Photothermal conversion efficiency and cyclic stability are core indicators for evaluating the practicality of adsorbents. Figure 7
presents the comprehensive performance of DFHG-Li in these two aspects. The schematic diagram of the water desorption setup
(Figure 7a) illustrates the device configuration for outdoor water harvesting experiments, with its operational principle based on the
“adsorption-photothermal desorption-condensation” cyclic process of the directionally frozen hydrogel, thereby achieving
atmospheric water harvesting.

Excellent photothermal conversion capability is crucial for solar driven desorption systems. As shown in Figure 7b, benefiting from
the outstanding light absorbing properties of GO, DFHG-Li exhibits significantly superior light absorption performance in the
UV-Vis-NIR absorption spectra compared with GO-free DFH-Li. The supplemented temperature-time curves in Figure 7c further verify
the critical photothermal role of GO under 1.0 sun illumination. DFHG-Li shows rapid surface temperature increase and reaches
51.2 °C within 15 min, while GO-free DFH-Li achieves a much lower surface temperature under the same irradiation condition. In
addition, the temperature gap between DFHG-Li and CHG-Li indicates that vertically aligned channels facilitate inward heat transport
inside the hydrogel matrix, which is favorable for subsequent water desorption. The infrared thermal images in the inset further
demonstrate that after hydration at 90% RH for 8 h, DFHG-Li exhibits a significant surface temperature increase and substantial water
evaporation upon 1.0 sun irradiation for 70 min, evidencing the excellent photothermal conversion performance of the material and
its capability to drive desorption. The temperature variation curves under different light intensities are presented in Figure 7d. With
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increasing light intensity, both the heating rate and equilibrium temperature of DFHG-Li are significantly enhanced, reaching 57.2 °C
under 1.5 sun illumination. The underlying mechanism is that higher light intensity provides greater energy input, accelerating the
photothermal conversion process of GO, thereby enabling desorption under various environmental conditions and demonstrating
the favorable adaptability of the material to different light conditions.
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Figure 7. (a) Schematic diagram of the water desorption setup; (b) UV-Vis-NIR absorption spectra of DFHG-Li and DFH-Li; (c) Temperature evolution of DFH-Li, CHG-Li and
DFHG-Li as a function of time under 1.0 sun illumination, with the inset showing infrared thermal images of DFHG-Li hydrated at 90% RH for 8 h before and after 70 min of
1.0 sun irradiation; (d) Temperature variation of DFHG-Li under different solar light intensities; (e) Water release amount of DFHG-Li under different irradiation intensities;

(f) Moisture uptake retention after 20 cycles. CHG: conventional hygroscopic hydrogel.

The water release curves under different light intensities are shown in Figure 7e. Higher light intensity leads to greater desorption
rates and total water release amounts from DFHG-Li: the desorption rate reaches 91.5% within 70 min under 1.0 sun illumination and
93.7% under 1.5 sun, while it still attains 81.3% even under weak light conditions of 0.5 sun. This trend originates from the faster
photothermal heating and stronger driving force for water evaporation under higher light intensities, indicating that the desorption
performance of DFHG-Li is highly responsive to light intensity, allowing flexible adjustment of water harvesting strategies according
to actual light conditions. The cyclic stability test is shown in Figure 7f. After 20 adsorption-desorption cycles, the moisture uptake
retention rate of DFHG-Li remains above 89%. The underlying mechanism is that the spatial confinement effect of the polymer
network on LiCl effectively suppresses salt leakage and agglomeration, demonstrating that the material possesses excellent cyclic
stability and can meet the requirements for long-term practical applications.

4. Conclusion

This study addresses the low mass transfer efficiency and high desorption energy consumption of conventional hygroscopic
hydrogels by fabricating a DFHG-Li via directional freezing-assisted polymerization, leveraging a dual-network structure
synergistically reinforced by hydrogen bonding. The vertically interconnected channels significantly optimize internal mass transfer,
enabling DFHG-Li to reach swelling equilibrium within 3 min, far outperforming disordered systems. At 90% RH, the equilibrium
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uptake reaches 3.37 g/g, 1.57 times that of the control. The incorporation of GO provides excellent photothermal conversion, raising
the surface temperature to 51.2 °C within 15 min under 1.0 sun illumination and achieving a desorption rate of 91.5% within 70 min.
Benefiting from the dual-network and hydrogen bonding synergy, DFHG-Li retains over 89% of its water harvesting capacity after 20
cycles. While the ordered channels effectively mitigate mass transfer barriers for water harvesting, this system has inherent practical
limitations in terms of real-world water yield and large-scale manufacturing. Further efforts should be devoted to optimizing heat
mass transfer synergy to promote its practical deployment for atmospheric water harvesting.
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