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The ubiquitous nature of atmospheric moisture makes it a significant water resource available at any 

geographical location. Atmospheric water harvesting (AWH) technology, which extracts moisture from 

ambient air to generate clean water, is a promising strategy to realize decentralized water production. 

The high water uptake exhibited by salt-based sorbents makes them attractive for AWH, especially in 

low relative humidity (RH) environments. Salt-based sorbents often have relatively high desorption heat, 

rendering water release an energy-intensive process. We proposed a hygroscopic gel, PAM hydrogel 

controlled incorporated with LiCl, capable of effective moisture harvesting from arid environments. The 

interactions between the hydrophilic hydrogel network and the captured water enable the PAM-LiCl to 

accumulate more free and weakly-bonded water molecules, significantly lowering the desorption heat 

compared with conventional neat salt sorbents. Benefiting from the affinity for swelling of the polymer 

backbones, the developed PAM-LiCl achieves a high water uptake of ca. 1.1 g/g at 20% RH with fast 

sorption kinetics of ca. 0.008 g g-1 min-1 and further demonstrates a daily water yield up to ca. 7 g/g at 

this condition. These findings provide a new pathway for synthesis of materials with efficient water 

absorption/desorption properties, to reach energy-efficient water release for AWH in arid climates. 

 

1. Introduction 

Water, an indispensable resource for human beings, is becoming less accessible to the 

global population with the development of society, growing population, and exacerbated 

climate change.[1-3] With one-third of the global urban population facing water scarcity 

nowadays, the shortage keeps growing worldwide such that half of the population will live in 

water-deficient regions by 2050.[4] Technologies, such as reverse osmosis, membrane 

distillation, and solar distillation, that use liquid water as a water source (e.g., seawater and 

wastewater) have been developed to address this challenge.[5-7] However, the liquid water 
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source is inherently tied to the watershed and coastal areas, making it difficult to meet the 

prerequisites for such technologies in inland and arid regions.[8] In contrast, water in the form 

of vapor is ubiquitous in the atmosphere and can serve as a more accessible water source for 

supplementary freshwater generation in broader range of geographical locations.[9,10] 

Atmospheric water harvesting (AWH) is an emerging clean water generation technology 

promising for decentralized and off-grid water production that can help alleviate the global 

water shortage.[11-13] Dew and fog harvesting approaches are convenient and low-cost AWH 

technologies.[14-16] However, these approaches require either the presence of dense fog or the 

use of energy-intensive cooling processes, which significantly limits their wide applications in 

arid and rural areas.[10,17] Advancements in materials science have demonstrated a new route to 

harvest atmospheric water through sorption, i.e., sorbent-based AWH.  

Sorbents can spontaneously capture vapor molecules in the air via either physical or 

chemical sorption, and the captured water can be released upon energy input (such as heating 

or solar irradiations) for collection.[8,9,18-20] This strategy greatly extends the working range of 

AWH since sorbents can trap water molecules at low relative humidity (RH) environments. It 

is easy to understand that the sorption/desorption performance of sorbents determines the 

overall AWH performance. Despite numerous efforts devoted to the development of better 
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sorbents for relatively high RH conditions, high-performance sorbents that can work at low RH 

regions (< 30%RH) are rarely reported.[21,22] Hygroscopic salts, being easily available and cost-

effective, can strongly interact with water via a hydration reaction and are considered one of 

the most powerful sorbents, especially at low RH conditions.[23-25] For example, LiCl can reach 

a high water uptake of over 1 g/g at a low RH of 20%.[26] However, hygroscopic salts usually 

deliquesce at a certain RH, leading to inherent challenges such as leakage, corrosion, and 

agglomeration. And the high water affinity from the charged ions of hygroscopic salts leads to 

a high energy input demand for water release, severely hindering their applications in 

AWH.[9,27] Several strategies have been developed to tackle these challenges. The most widely 

adopted strategy is to use porous matrices (such as silica gel, porous carbon, and metal-organic 

frameworks) to help the dispersion of salts.[24,26,28,29] As such, the porous matrix can prevent 

the deliquescent-induced sluggish sorption/desorption kinetics to some extent. While such a 

strategy can lead to a high water uptake and improve sorption kinetics, the desorption process 

is still dominated by salt thus often requires high temperatures. How to tune water-sorbent 

interactions to alleviate the high energy demand of water release while maintaining high water 

uptake remains unclear.  

Herein, we present a hygroscopic gel that can facilitate the water desorption during AWH 
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by tuning the water state inside its polymer network (Figure 1a). The hygroscopic gel was 

fabricated by integrating LiCl with a polymer hydrogel matrix, polyacrylamide (PAM), and 

was thus named as PAM-LiCl. The water sorption and desorption properties were regulated by 

the interactions between the hydrogel network and water molecules. Unlike pure LiCl which 

will deliquesce and cause gradually reduced sorption kinetics during moisture capturing, the 

presence of the hydrogel network of PAM-LiCl can not only facilitate water sorption due to the 

fast swelling but also store the captured water and prevent it from leaking. More importantly, 

the interaction between the hydrophilic polymer chain and captured water enables more water 

molecules to exist as either weakly-bonded water or free water instead of bound water (i.e., 

bonded water), which weakens the sorbent-water interaction and significantly lowers the 

desorption heat compared with LiCl. As a result, PAM-LiCl shows both high water uptake (1.1 

g/g at 20%RH) and low energy demand for water desorption (2608 J/g), serving as a promising 

sorbent candidate for AWH in arid environments. 
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Figure 1. Atmospheric water harvesting (AWH) enabled by PAM-LiCl. (a) Schematic illustration of AWH 

process via LiCl and PAM-LiCl. (b) Photographs of PAM-LiCl before (top) and after moisture capture 

(bottom). PAM-LiCl exhibits clear swelling after water uptake, which supports the emergence of 

hydrogel network-water interactions. Scale bar: 5 mm. (c) XRD patterns of PAM-LiCl before and after 

sorption, as well as after desorption. 
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2. Results and Discussion 

PAM-LiCl was prepared using a chemically crosslinked polyacrylamide (PAM) hydrogel to 

incorporate LiCl. The obtained bulk PAM-LiCl was then processed into microgel powders via grinding 

(Figure S1), with LiCl homogeneously distributed as shown in EDX mapping images (Figure S2). Unlike 

barely deformable solid sorbents (e.g., zeolites or metal-organic frameworks), whose water uptake 

capacity is limited by the pore volumes, polymer hydrogel-based sorbents are able to swell to a larger 

volume upon moisture capture and store the captured water within their expanded crosslinked 

polymeric network for high water uptake. The rheological test reveals the existence of hydrogel 

networks in PAM-LiCl that may endow PAM-LiCl with swelling property for high water uptake capacity 

(Figure S3). Figure 1b (top) shows that PAM-LiCl was prepared in a form of a fine white powder before 

moisture capture. After sorption, PAM-LiCl expanded into a larger volume and became more 

transparent (Figure 1b, bottom), confirming the swelling.  

For the investigation of the chemical structure of PAM-LiCl, we collected the X-ray diffraction 

(XRD) patterns before and after sorption and after desorption. As shown in Figure 1c, PAM-LiCl exhibits 

a broad peak at approximately 30˚ that corresponds to the amorphous PAM phase and the sharp peaks 

attributed to crystal LiCl and LiCl·H2O before sorption. After moisture capturing, the peaks of the 

crystal phases disappear, implying the LiCl crystals have fully dissolved. The reappearance of these 

peaks after desorption indicates the re-crystallization of the LiCl. In contrast, the broad peak at ca. 30˚ 

remains almost the same during the whole process, showing that no phase change of PAM occurs. 

These results reveal that the inorganic LiCl phase is the active moisture capture center in PAM-LiCl. 

Upon exposure to moisture, the LiCl phase in PAM-LiCl will spontaneously capture and liquefy the 
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water molecules in the air. In the meantime, the hydrophilic coiled polymer chains convert into more 

expanded conformations upon interacting with the liquefied water, i.e., swell the PAM-LiCl, to store 

water. 

Since the hydrogel matrix serves as the water reservoir during moisture sorption, the intrinsic 

hydrophilicity of the polymer chain will significantly influence the PAM-LiCl sorption behavior. Several 

commonly used polymers with similar molecular structures but different functional groups (e.g., 

polyacrylamide, polyvinyl alcohol, and polyacrylic acid) were used to construct uncrosslinked polymer-

Li composites to investigate the relationship between hydrophilicity and water uptake (Figure S4). The 

results show that higher hydrophilicity leads to a higher water uptake and faster sorption kinetics. Thus, 

PAM was chosen for the following experiments and the LiCl content in PAM-LiCl was also optimized 

(Figure S5). 

The water sorption isotherms of pure PAM gel and PAM-LiCl were acquired at 25°C. PAM gel 

showed almost no water absorption ability at the arid region (0-30%RH) and relatively low water 

uptake at the high RH range (Figure S6). In contrast, PAM-LiCl delivered a much higher water uptake at 

a low RH range with an inflection point at ca. 11%RH, which is attributed to the onset of the 

deliquescence of LiCl (Figure 2a).[26] Based on this, the isotherm can be divided into three steps: 

chemisorption step at the extremely low RH range (i.e., ca. 0%-11% RH), deliquescence step at ca. 11% 

RH, and absorption step at > 11%RH. Starting from the deliquescent point, the water uptake of PAM-

LiCl was increased from 0.5 g/g to 1.5 g/g at 30%RH, exhibiting high moisture sorption performance in 

arid conditions. This performance is very competitive with the most advanced salt-based sorbents 

reported so far (Table S1). Different from solid sorbents, whose isotherms usually reach a plateau with 

increased RH due to the almost non-deformable pores being fully filled (such as zeolites, MOFs),[30,31] 
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PAM-LiCl shows a monotonically increasing water uptake as RH increases thanks to its swelling ability. 

From 0 to 90%RH, there is no obvious hysteresis between sorption and desorption, which suggests 

that moisture sorption in PAM-LiCl is reversible, further showing PAM-LiCl’s ability to release most 

absorbed water. Interestingly, even at a high water content of 2.5 g/g, no salt leaking from PAM-LiCl 

can be observed (Figure S7), showing the salt confining ability of the gel sorbent. Benefiting from the 

water storage ability of the hydrogel network, the absorbed water can be limited to the PAM-LiCl 

volume, thus restricting the hydrated salt from leakage and helping avoid the potential corrosion 

during practical applications. 

We then measured the sorption/desorption curves of PAM-LiCl since the kinetics is another 

decisive parameter for the AWH daily water yield in addition to the equilibrium water uptake. The 

sorption/desorption behavior of LiCl was also tested at the same conditions as a control sample. Figure 

2b reveals that PAM-LiCl has much faster kinetics than pure LiCl during both sorption and desorption. 

Even at a low RH level of 20% RH, PAM-LiCl can reach 80% of its equilibrium water uptake within 120 

min and can desorb 80% of the captured water within 30 minutes. In contrast, LiCl did not reach the 

equilibrium state after 6 hours and showed much slower desorption kinetics. The derivative weight 

change of PAM-LiCl and LiCl can be found in Figure S8. The faster sorption kinetics of PAM-LiCl relative 

to LiCl can be likely attributed to the larger exposure to active moisture capturing site, i.e., LiCl. The 

microscale hydrogel network matrix helps achieve a uniform distribution of LiCl in PAM-LiCl, avoiding 

the LiCl crystal agglomerating and thus increasing the active moisture capturing area to achieve quick 

water capture. As a comparison, monolithic PAM-LiCl showed sorption and desorption kinetics slightly 

faster than pure LiCl, due to the smaller surface area (Figure S9). During desorption, the matrix effects 

of the hydrogel network can help prevent the formation of LiCl agglomerates, thus promoting the 
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water release kinetics, as can be shown in rapid dropping water uptake curves of both powder and 

monolithic PAM-LiCl (Figure S9). In contrast, for pure LiCl, during sorption, the deliquescence water 

layer on the crystal surface will slow the subsequent vapor capturing, causing significantly reduced 

sorption kinetics. The formation of compact crystallization layers on the surface upon desorption also 

inhibits the dehydration of the bulk liquid solution, resulting in sluggish desorption kinetics.  

Figure 2c contains the sorption/desorption properties of PAM-LiCl evaluated at different RHs, 

which indicate that higher RH leads to faster sorption kinetics and higher water uptake. As RH 

increased from 10% to 30%, water uptake of PAM-LiCl increased from 0.26 g/g to 1.50 g/g, 

corresponding to an increase in sorption kinetics from 0.8 mg g-1 min-1 to 16.3 mg g-1 min-1. Figure 2d 

contains the desorption data at different desorption temperatures, which indicates rapid desorption 

kinetics, with higher desorption temperature driving faster kinetics, as expected. For example, after 

capturing moisture at 20%RH, PAM-LiCl can desorb 80% of the captured water in 29 minutes at a 

reasonably high desorption temperature of 70 °C. Even at a low desorption temperature of 60 °C, 80% 

of the captured water can be released within 50 min.  
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Figure 2. Sorption/desorption performance of PAM-LiCl. (a) Water sorption and desorption isotherm 

at 25 °C. (b) Water sorption and desorption kinetics of PAM-LiCl and LiCl. Sorption condition: 20%RH, 

25 °C; desorption conditon: 10%RH, 70 °C. The desorption water vapor pressure equals the saturated 

water vapor pressure at 25 °C to mimic the actual working condition. (c) Sorption/desorption 

performance of PAM-LiCl at 10%RH, 20%RH, and 30%RH at 25 °C. (d) Water desorption curves of PAM-

LiCl at 60 °C, 70 °C, 80 °C, and 90 °C. Inset shows the change in water uptake between the first 10 to 

50 minutes. At all the desorption temperatures, PAM-LiCl were dried at the same water vapor 

pressure of 3.17 kPa, equivalent to the saturated vapor pressure at 25˚C. RH at each temperature are: 

16%RH, 60˚C; 10%RH, 70˚C; 7%RH, 80˚C; 4%RH, 90˚C. 
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To better understand the improvement of desorption performance by the PAM hydrogel network, 

we examined the water release behavior by measuring the heat flow signal of PAM-LiCl, LiCl, and PAM 

gel via differential scanning calorimetry (DSC). Figure 3a reveals that PAM has the lowest evaporation 

temperature of 46C̊, LiCl exhibits three evaporation peaks at 46, 66, and 94C̊, which correspond to the 

evaporation from bulk solution, crystallization and chemical desorption of LiCl, respectively.[26] The two 

peaks at 69C̊ and 106C̊ that are present in the DSC data of PAM-LiCl originate from the evaporation of 

liquid water and the chemical desorption of LiCl. The heat of desorption was calculated by integrating 

the heat flow over time, as summarized in Figure 3b. The PAM gel showed a lower desorption heat 

than bulk water, suggesting that water molecule evaporation from within the polymer network is a 

lower-energy process. In contrast to LiCl, which exhibited a high heat of desorption of 3511 J/g, 2934 

J/g, and 2734 J/g at 0.5 g/g, 1.0 g/g, and 1.5 g/g, respectively, consistent with the literature;[32,33] PAM-

LiCl is characterized by a much lower heat of desorption of 3200 J/g (0.5 g/g), 2608 J/g (1.0 g/g) and 

2468 J/g (1.5 g/g). This data indicates that the presence of the PAM hydrogel network in PAM-LiCl 

lowers the desorption energy by ~300 J/g on average. We further measured their desorption heat at 

the same H2O/LiCl ratio to decouple the effect of the H2O/LiCl ratio. As shown in Figure S10, PAM-LiCl 

shows an average reduction in desorption heat of ~200 J/g compared to LiCl at the same H2O/LiCl.  
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Figure 3. Facilitated water desorption in PAM-LiCl. (a) Heat flow curves of LiCl, PAM-LiCl and PAM 

during water release measured by DSC. (b) The heat of desorption of LiCl, PAM-LiCl and PAM. (c) Heat 

flow curves showing melting behavior of LiCl, PAM-LiCl at the same water content of 3 g/g. (d) 

Molecular dynamic simulation snapshots of the PAM-LiCl and LiCl at 1.5 g/g water content. Purple: Li, 

green: Cl, red: water molecular, blue: polymer chain. (e) Percentage of water’s hydrogen bond sites 

occupied by polymer (P-W), ion (I-W), and other water molecule (W-W) interactions in the LiCl and 

PAM-LiCl simulations. (f) Calculated diffusion coefficient of water molecules in the LiCl and PAM-LiCl 

simulations. 

 

The above observations indicate that PAM-water interaction plays a vital role during the water 

release. Water molecules in a hydrogel can exist in three states based on their interaction strength 

with polymer chains: bound, intermediate, and free water.[34-36] Bound water refers to water forming 

hydrogen bonds with polymer chains, which is non-freezable since the bound structure remains at a 

temperature below 0oC.[35] Free water is associated with water molecules whose configurations are 
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similar to those of bulk water. Intermediate water lies between bound and free water, existing as 

weakly-bonded water. Both free and intermediate water are freezable. The dissolution of LiCl can also 

affect the hydrogen bonding in water molecules. Li+ has a high hydration enthalpy of -514 kJ/mol that 

would disrupt the tetrahedral hydrogen bond structure when dissolving in water;[37] Cl- is a medium 

hydrogen bond acceptor that tends to replace OH-O with OH-Cl-,[38] which causes the water molecules 

participating in hydrating of Li or Cl ions be non-freezable. As LiCl proceeds to absorb moisture, those 

water molecules outside of the vicinity of metal ions behave more like bulk (freezable) water.[39-41] 

Freezable water has weaker interactions with sorbent than the non-freezable water, which renders a 

sorbent with higher freezable water content a lower energy demand for desorption at the same water 

content. Figure 3c contains the DSC analysis of water state inside PAM-LiCl and LiCl after moisture 

harvesting to the same water content of 3 g/g. The absence of a peak in the LiCl sorbent data indicates 

that the existence of only non-freezable water in LiCl after sorption. A clear melting peak of PAM-LiCl 

sorbent reveals the presence of freezable water, which implies the PAM-LiCl has a lower post-sorption 

heat of desorption than LiCl (Figure S11 and Table S2).  

We also measured the water sorption enthalpies of PAM-LiCl by extending our water sorption 

analysis to other temperatures at 15°, 35°, and 45°C (Figure S12). At a water content of 0.1 ~ 1.6 g/g, 

the sorption enthalpy ∆Hsorp of PAM-LiCl was computed to be -2.3 ~ -3.0 kJ/g using the Clausius-

Clapeyron equation (Supplementary section S2.10). In contrast, the ∆Hsorp of LiCl was -2.7 ~ -3.5 

kJ/g.[32,33] The higher ∆Hsorp of PAM-LiCl than LiCl suggests that it requires lower energy input during 

the desorption process, which is consistent with the DSC melting tests. To further investigate the 

water states in PAM-LiCl, we used Raman spectroscopy to characterize the hydrogen-bonding 

configurations of the water molecules inside PAM-LiCl (Figure S13). According to literature, 
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intermediate water requires less energy to evaporate than bulk water since it may escape from the 

hydrogel as water clusters.[42-44] The structural information provided by Raman indicates the existence 

of intermediate water in PAM-LiCl after moisture capturing, which can benefit the water evaporation 

during the water release. Benefiting from the reduction in heat of desorption, energy conservation of 

398 J/g can be achieved by the PAM-LiCl, compared to LiCl at the same water content of 1g/g 

(Supplementary section 2.17, Table S4). 

Molecular dynamic (MD) simulations have also been conducted to understand the water state 

inside of both PAM-LiCl and LiCl after moisture capturing (Figure S14). Details on the simulation setup 

and equilibrations are described in S1.5 and Figure S14. Figure 3d shows equilibrated structures of the 

PAM-LiCl and LiCl at 1.5 g/g water content. Strong thermodynamic interactions between water, the 

amide functional groups, and Cl ions are formed through hydrogen bonding (Figure S15-S17). To 

quantify these interactions, we calculated the proportion of hydrogen bond sites occupied by each 

adsorbent group and water and normalized it to the total number of hydrogen bond sites available in 

water (Figure S18). It is assumed that there are 4 sites per water molecule for this normalization. Due 

to the tight first solvation shell of water on lithium ions and the dipolar angle formed between the 

ions water molecules (Figure S15 and S16), it is assumed that lithium ions occupy two hydrogen 

acceptor sites per water molecule in its first solvation shell. The full details on the hydrogen bond 

calculations and molecular structures are described in S1.5 and Figure S16-S18. It can be seen in Figure 

3e that at low water contents, the number of hydrogen bonds formed between ions and water (I-W 

HB) make up the majority of interactions, but the fraction of such bonds decreases with the increase 

of water content. In contrast, the number of water-water hydrogen bonds (W-W HB) increases with 

increasing hydration and such bonds make up the majority of bonds when water content exceeds 2.5 
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g/g. Polymer-water hydrogen bonds (P-W HB) make up a relatively smaller fraction, which decreases 

slightly with increasing water content. It can be seen that at the same water content, LiCl solution has 

a higher fraction of I-W HB (corresponding to bound water) and a lower fraction of W-W HB 

(corresponding to free/weakly-bonded water) than the PAM-LiCl. 

The diffusivity of water molecules was also quantified to understand how the behavior of both 

bound and free water change within different systems. It has been shown in the past that bound water 

is more immobile than free water due to higher activation energies.[45,46] The mean squared 

displacement (MSD) of each water molecule was tracked inside the production simulation and the 

diffusivity was fitted to the linear regime as shown in Figure S19. It can be seen in Figure 3f that the 

average diffusivity of water in the PAM-LiCl system is higher than the LiCl solution, indicating there is 

more free water in the PAM-LiCl system at the same water content. Both systems exhibit similar trends 

in which the diffusion coefficient increases with increasing water content. The probability distributions 

of final MSDs of water molecules plotted in Figure S20 display higher and narrower peaks in LiCl 

solution than in the PAM-LiCl, especially at lower water contents, further illustrating the presence of 

more bound water in LiCl solution. These simulation results match well with the experimental data. 

All these findings reveal that the presence of the PAM hydrogel network in PAM-LiCl is able to 

transform the water captured by hygroscopic LiCl from bonded water (i.e., non-freezable water) by 

forming more weakly-bonded/free water (i.e., freezable water), thereby lowering the heat of 

desorption to promote the water release process. As a result, PAM-LiCl shows superior water 

desorption performance over other reported sorbents (Figure S21 and Table S3). 

We used dynamic vapor sorption (DVS) to investigate the inherent cycling stability of PAM-LiCl by 

coducting cycling experiments at a sorption condition of 25 °C, 20%RH coupled with a desorption 
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condition of 70 °C, 10%RH. The vapor pressure of the selected desorption condition is 3.17 kPa, which 

is equal to the saturated vapor pressure at 25 °C to mimick the initial condition of water condensation. 

Figure 4a and b conveys stable cycling of PAM-LiCl in both water uptake and sorption/desorption 

kinetics over 15 cycles. Figure 4c contains a proof-of-concept atmospheric water harvesting (AWH) 

device that consists of a power source, a sealed atmospheric water harvesting (AWH) chamber, and a 

thermometer for monitoring temperature. Figure 4d depicts a schematic of the chamber, where the 

sorbent was placed on a flexible heater at the base of the chamber during water release. The chamber 

was designed to have a slope and a cooling fan to facilitate the collection of the condensed water 

droplets. Several heating plates were attached to all sidewalls to ensure the temperatures to be higher 

than that of the top, preventing the released vapor to be condensed on the sidewalls. Upon heating, 

water evaporated from the sample condensed on the cooler inclined top plane and rolled off toward 

the water reservoir. An activation process was conducted before the water sorption/desorption cycles 

by heating the sample at 80 °C for 30 minutes after reaching the equilibrium water uptake state of 1 

g/g (Figure S22). Afterward, the AWH cycles were conducted by sorption at 20%RH for 70 minutes 

followed by 30-minute desorption at 80 °C. An average water uptake of ~0.55 g/g and water collection 

of ~0.51 g/g was obtained in each cycle, exhibiting good stability in the device level tests. TGA and EDX 

tests on PAM-LiCl over cycles showed no obvious change compared to the sample at the initial state, 

indicating the good durability (Figure S23, Figure S24). The rapid sorption/desorption kinetics of PAM-

LiCl enabled 14 AWH cycles per day, yielding a high daily water production of ~7.1 g/g (Figure 4e), 

showing the potential for practical use. PAM-LiCl gel may be potentially scale up due to the facile 

preparation method, with low raw material cost of $3.7/kg sorbent. In addtion, AWH performance of 

PAM-LiCl bulk gel was also investigated. We further evaluated the AWH performance of PAM-LiCl at 
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large scale using both PAM-LiCl microgels and PAM-LiCl bulk gel. The results show that large-scale PAM-

LiCl microgels (1.2 g) can maintain a similar AWH performance, proving its scalability without 

significant performance loss (Figure S25, Figure S26). Moreover, we conducted ICP analysis on water 

harvested from PAM-LiCl to assess the quality of the collected water. Li+ concentration is 0.32 mg/L 

and 0.26 mg/L in water collected from PAM-Li reaching equilibrium at 20%RH and 60%RH as 

representative RH for arid and humid regions, respectively (Figure S27). When normalized to daily 

human water intake, the Li-ion intake from the collected water is 0.7-1.2 mg when working at 20%-

60%RH, which is lower than the recommended Li-ion intake limit of 3.1 mg per day.[47]  
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Figure 4. Atmospheric water harvesting (AWH) performance of PAM-LiCl. (a) Cycling stability test of 

PAM-LiCl by dynamic vapor sorption (DVS). Water sorption was conducted at 20%RH, 25 °C for 180 

min, and desorption was conducted at 10%RH, 70 °C for 80 min. (b) DVS sorption/desorption curves 

of PAM-LiCl at cycle 1 and cycle 15. (c) Photograph showing the AWH setup is composed of a 

thermometer, an AWH chamber, and a power source. (d) Schematic illustration of the AWH chamber. 
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(e) Cumulative water release and water collection varying with time. Inset photograph showing the 

produced water. 

 

3. Conclusion 

 

We developed a hygroscopic gel that is capable of atmospheric water harvesting with relatively 

high water uptake (1.1 g/g at 20%RH) and low desorption heat (2608 J/g) compared to the pure salt 

sorbent. The highly hygroscopic LiCl serves as the active center for effective moisture capture, and the 

polymer hydrogel network (polyacrylamide) interacts with the captured water to tailor the water 

states to produce weakly-bonded/free water, thereby lowering the overall heat of desorption. A 

constructed prototype atmospheric water harvesting device demonstrates water collection from a low 

relative humidity (20%RH) air, which delivers a water yield of up to ~0.5 g/g per cycle and ~7 g/g per 

day. The eco-friendly precursor materials and the facile preparation process render the developed 

process suitable for potential technological applications. This high-performance sorbent holds promise 

for decentralized AWH applications in a broad region, even in desert-like areas with extremely low RH. 

Our strategy provides new insights into the development of the next-generation sorbent, as it brings 

to the field the concept of tailoring the water state to reduce the heat of desorption for efficient water 

release.  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 



 

  

 

This article is protected by copyright. All rights reserved. 

21 

 

 

Conflict of Interest 

The authors declare no conflict of interest. 

 

Acknowledgements 

H.L., S.W., and J.Z. contributed equally to this work. G.Y. acknowledges the financial support from the 

U.S. Defense Advanced Research Projects Agency (DARPA) Atmospheric Water Extraction (AWE) 

Program under Contract No. HR0011-20-C-0055. 

 

 

Received: ((will be filled in by the editorial staff)) 

Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 

References  

 

 [1] M. M. Mekonnen, A. Y. Hoekstra, Sci. Adv. 2016, 2, e1500323. 

 [2] T. Oki, S. Kanae, Science 2006, 313, 1068. 

 [3] Y. Guo, G. Yu, ACS Mater. Lett. 2022, 4, 713. 

 [4] C. He, Z. Liu, J. Wu, X. Pan, Z. Fang, J. Li, B. A. Bryan, Nat. Commun. 2021, 12, 4667. 

 [5] L. F. Greenlee, D. F. Lawler, B. D. Freeman, B. Marrot, P. Moulin, Water Res. 2009, 43, 2317. 

 [6] J. R. Werber, C. O. Osuji, M. Elimelech, Nat. Rev. Mater. 2016, 1, 16018. 



 

  

 

This article is protected by copyright. All rights reserved. 

22 

 

 [7] F. Zhao, Y. Guo, X. Zhou, W. Shi, G. Yu, Nat. Rev. Mater. 2020, 5, 388. 

 [8] N. Hanikel, M. S. Prévot, O. M. Yaghi, Nat. Nanotechnol. 2020, 15, 348. 

 [9] X. Zhou, H. Lu, F. Zhao, G. Yu, ACS Mater. Lett. 2020, 2, 671. 

[10] Y. Tu, R. Wang, Y. Zhang, J. Wang, Joule 2018, 2, 1452. 

[11] A. LaPotin, H. Kim, S. R. Rao, E. N. Wang, Accounts Chem. Res. 2019, 52, 1588. 

[12] H. Lu, W. Shi, Y. Guo, W. Guan, C. Lei, G. Yu, Adv. Mater. 2022, 34, 2110079. 

[13] M. J. Kalmutzki, C. S. Diercks, O. M. Yaghi, Adv. Mater. 2018, 30, 1704304. 

[14] Q. Sun, D. Wang, Y. Li, J. Zhang, S. Ye, J. Cui, L. Chen, Z. Wang, H. Butt, D. Vollmer, X. Deng, Nat. 

Mater. 2019, 18, 936. 

[15] X. Dai, N. Sun, S. O. Nielsen, B. B. Stogin, J. Wang, S. Yang, T. Wong, Sci. Adv. 2018, 4, eaaq919. 

[16] X. Zhou, F. Zhao, P. Zhang, G. Yu, ACS Mater. Lett. 2021, 3, 1112. 

[17] M. Tomaszkiewicz, M. Abou Najm, D. Beysens, I. Alameddine, M. El-Fadel, Environ. Rev. 2015, 

23, 425. 

[18] N. Hanikel, X. Pei, S. Chheda, H. Lyu, W. Jeong, J. Sauer, L. Gagliardi, O. M. Yaghi, Science 2021, 

374, 454. 

[19] C. Lei, Y. Guo, W. Guan, H. Lu, W. Shi, G. Yu, Angew. Chem. Int. Ed. 2022, 61, e202200271. 

[20] F. Zhao, X. Zhou, Y. Liu, Y. Shi, Y. Dai, G. Yu, Adv. Mater. 2019, 31, 1806446. 



 

  

 

This article is protected by copyright. All rights reserved. 

23 

 

[21] S. M. Towsif Abtab, D. Alezi, P. M. Bhatt, A. Shkurenko, Y. Belmabkhout, H. Aggarwal, A. J. 

Weseliński, N. Alsadun, U. Samin, M. N. Hedhili, M. Eddaoudi, Chem 2018, 4, 94. 

[22] M. Wu, R. Li, Y. Shi, M. Altunkaya, S. Aleid, C. Zhang, W. Wang, P. Wang, Mater. Horiz. 2021, 

8, 1518. 

[23] K. Wang, Q. Ren, Z. Gu, C. Duan, J. Wang, F. Zhu, Y. Fu, J. Hao, J. Zhu, L. He, C. Wang, Y. Lu, J. 

Ma, C. Ma, Nat. Commun. 2021, 12, 4410. 

[24] R. Li, Y. Shi, L. Shi, M. Alsaedi, P. Wang, Environ. Sci. Technol. 2018, 52, 5398. 

[25] C. Peng, L. Chen, M. Tang, Fundam. Res. 2021, DOI: 10.1016/j.fmre.2021.11.021.  

[26] J. Xu, T. Li, J. Chao, S. Wu, T. Yan, W. Li, B. Cao, R. Wang, Angew. Chem. Int. Ed. 2020, 59, 5202. 

[27] K. Yang, T. Pan, Q. Lei, X. Dong, Q. Cheng, Y. Han, Environ. Sci. Technol. 2021, 55, 6542. 

[28] R. Li, Y. Shi, M. Wu, S. Hong, P. Wang, Nano Energy 2020, 67, 104255. 

[29] R. Li, Y. Shi, M. Alsaedi, M. Wu, L. Shi, P. Wang, Environ. Sci. Technol. 2018, 52, 11367. 

[30] H. Zhao, Z. Wang, Q. Li, T. Wu, M. Zhang, Q. Shi, Micropor. Mesopor. Mat. 2020, 299, 110109. 

[31] A. Permyakova, S. Wang, E. Courbon, F. Nouar, N. Heymans, P. D'Ans, N. Barrier, P. Billemont, 

G. De Weireld, N. Steunou, M. Frère, C. Serre, J. Mater. Chem. A 2017, 5, 12889. 

[32] C. Fan, R. M. Pashley, J. Solution Chem. 2015, 44, 131. 

[33] J. J. Rau, Thermodynamic Characteristics of Lithium Chloride in Rotary Heat and Mass 

Exchangers, Master thesis, University of Wisconsin-Madison, 1989. 



 

  

 

This article is protected by copyright. All rights reserved. 

24 

 

[34] Y. Sekine, T. Ikeda-Fukazawa, J. Chem. Phys. 2009, 130, 34501. 

[35] T. Ikeda-Fukazawa, N. Ikeda, M. Tabata, M. Hattori, M. Aizawa, S. Yunoki, Y. Sekine, J. Polym. 

Sci. B Polym. Phys. 2013, 51, 1017. 

[36] V. M. Gun Ko, I. N. Savina, S. V. Mikhalovsky, Gels 2017, 3. 

[37] A. J. Stace, J. Phys. Chem. B. 2006, 110, 20742. 

[38]     Q. Hu, H. Zhao, J. Mol. Struct. 2019, 1182, 191. 

[39] T. Nakaoki, H. Yamashita, J. Mol. Struct. 2008, 875, 282. 

[40] T. Hatakeyama, H. Hatakeyama, K. Nakamura, Thermochim. Acta 1995, 253, 137. 

[41] Z. H. Ping, Q. T. Nguyen, S. M. Chen, J. Q. Zhou, Y. D. Ding, Polymer 2001, 42, 8461. 

[42] X. Zhou, F. Zhao, Y. Guo, B. Rosenberger, G. Yu, Sci. Adv. 2019, 5, eaaw5484. 

[43] F. Zhao, X. Zhou, Y. Shi, X. Qian, M. Alexander, X. Zhao, S. Mendez, R. Yang, L. Qu, G. Yu, Nat. 

Nanotechnol. 2018, 13, 489. 

[44] K. Kudo, J. Ishida, G. Syuu, Y. Sekine, T. Ikeda-Fukazawa, J. Chem. Phys. 2014, 140, 44909. 

[45] H. O Neill, S. V. Pingali, L. Petridis, J. He, E. Mamontov, L. Hong, V. Urban, B. Evans, P. Langan, 

J. C. Smith, B. H. Davison, Sci. Rep. 2017, 7, 11840. 

[46] Z. Chen, Q. Gu, H. Zou, T. Zhao, H. Wang, J. Polym. Sci. B Polym. Phys. 2007, 45, 884. 

[47]     G. N. Schrauzer, J. Am. Coll. Nutr. 2002, 21, 14.  



 

  

 

This article is protected by copyright. All rights reserved. 

25 

 

Hygroscopic gel was developed for atmospheric water harvesting in arid climates by 

integrating hygroscopic salt LiCl with crosslinked hydrophilic polymeric networks PAM. The 

interactions between the polymer network and captured water increase the free/weakly-bonded 

water content compared with pure salt sorbent, lowering the desorption heat to achieve a high 

water yield of ~7 g/g/day at 20%RH environment. 
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