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Abstract 11 

The Earth’s atmosphere holds approximately 12,900 billion tons of fresh water and it distributes 12 

all over the world with fast replenishment. The atmospheric water harvesting is emerging as a 13 

promising strategy for clean water production in arid regions, land-locked, and remote 14 

communities. The water vapor sorbent is the key component for atmospheric water harvesting 15 

devices based on absorbing-releasing process. In this work, a flexible hybrid photothermal water 16 

sorbent composed of deliquescent salt and hydrogel was rationally fabricated. It possesses 17 

superior water sorption capacity even in low humidity air thanks to the deliquescent salt and it 18 

maintains a solid form after it sorbs a large amount of water owing to the hydrogel platform. The 19 

harvested water could be easily released under regular sunlight via the photothermal effect, and it 20 

can be directly reused without noticeable capacity fading. An “easy-to-assemble-at-household” 21 

prototype device with 35 g of the dry hydrogel was tested outdoors in field conditions and 22 

delivered 20 g of fresh water within 2.5 h under natural sunlight. It is estimated that the material 23 
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cost of making such a device to supply minimum daily water consumption for an adult (i.e., 3 kg) 24 

is only $3.2 (USD). This type of atmospheric water generator (AWG) is cheap and affordable, 25 

perfectly works with a broad range of humidity, does not need any electricity, and thus is suitable 26 

especially for clean water production in remote areas.    27 

Keywords: atmospheric water harvesting, hydrogel, deliquescent salt, sunlight, potable water 28 

 29 

 30 

TOC Art 31 

 32 

Introduction 33 

Water scarcity is one of the most challenging issues that threaten the lives of mankind. 34 

According to the report published by United Nations (UN) and World Health Organization 35 

(WHO), water collection is a major burden in many countries especially in sub-Saharan Africa 36 

where women and children take hours every day to collect drinking water due to the lack of basic 37 

drinking water services nearby.1,2  On the other hand, the atmosphere preserves 12,900 billion 38 

tons of fresh water, equivalent to ~10% of water in all of the lakes on Earth.3 In light of rapid 39 

population growth, widespread clean water shortage and water resource contamination, 40 

harvesting atmospheric water to produce fresh water is emerging as an alternative and promising 41 

approach especially for arid and landlocked regions.1,2, 4-6  42 
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There are several ways of collecting air water, for example, fog harvesting, active refrigeration 43 

and sorption in conjunction with easily accessible low grade energy. Fog harvesting is the most 44 

ancient way, which directly collects the water droplets floating in the air.7-10 However, it is only 45 

viable in very limited areas because constantly high ambient relative humidity (RH) (~100%) is 46 

the necessity for this technology.11-13 The refrigeration method, which has been widely 47 

investigated, involves using an engineered cold surface to cool adjacent air mass below the dew 48 

point to produce water droplet via condensation.14-15 It is believed that the refrigeration is 49 

infeasible for regions with consistently low RH (<40%) or those lack of electricity.16 On the 50 

other hand, the sorption based method employs water sorbent to sorb water vapor from air, 51 

followed by heating up the saturated sorbent to release and subsequently condense the water.17-18 52 

The most attractive advantage of this sorption based method is its capability of producing water 53 

from dry air with humidity even lower than 20% in the absence of electricity.19 Particularly, 54 

solar-thermal process along with effective water vapor sorbent has recently delivered all-in-one, 55 

fully solar energy driven, and thus autonomous atmospheric water generator (AWG) devices.16, 
56 

19-20 In these devices, the key to their successful performances is the selection of water vapor 57 

sorbent which should be capable of sorbing large amount of water even from air with reasonably 58 

low humidity and releasing water at a relatively low temperature (70–90 oC) that can be achieved 59 

by photothermal materials under regular or even weakened sunlight intensity.21-24    60 

Conventional desiccants, such as silica gel, zeolite, activated alumina, typically have wide water 61 

vapor sorption window. However, these desiccants are mainly based on physical adsorption and 62 

the energy required to release the adsorbed water is proportional to the water-desiccant affinity. 63 

In other words, for these desiccants, the easier water vapor is adsorbed, the higher temperature it 64 

is needed to release water.  Thus, to efficiently release the captured water, they require high 65 
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temperatures (>160 oC), which are typically beyond what simple solar photothermal based 66 

heating devices are capable of offering.25-28 In 2017 and 2018, it was demonstrated in lab and 67 

field conditions that certain metal-organic-frameworks (MOFs), due to their outstanding sorption 68 

ability with water vapor, delivered potable water from dry air (RH 10-40%) under regular solar 69 

irradiation conditions.16, 19 Anhydrate salt based water sorbents have also been recently reported 70 

for AWG application, which works well under low RH (i.e. 10%-35%) and are able to deliver 71 

about 20% liquid water of their own weight.20   72 

Deliquescent salt has a high affinity with water and is able to sorb water vapor as many as 5-6 73 

times its own weight, which is significantly higher than most porous sorbents.29-30 As a matter of 74 

fact, deliquescent salt is so effective in capturing water vapor that the captured water vapor 75 

ultimately dissolves the salt and forms an aqueous solution with a much expanded volume. In a 76 

sense, deliquescence property of the salt would break the physical confinement constraint in 77 

terms of the amount of water vapor captured by the conventional porous desiccants where the 78 

pore volumes of the solid materials set the upper limits. However, the liquid form causes troubles 79 

in handling and engineering design for applying deliquescent salts to water sorption. Recently, 80 

Gido et al theoretically proposed an atmospheric water harvesting system, which employs 81 

lithium chloride solution as water vapor sorbent and can produce water in a continuous process. 82 

Based on their simulations, the energy consumption can be reduced up to 65% comparing with 83 

conventional condensation based system.31 In this work, we employ a cross-linked and flexible 84 

hydrogel network to keep the deliquescent salt solution in place, and the easily expandable 85 

hydrogel network provides a perfectly supporting platform which shows no constraint on the 86 

water sorption performance by the salt while maintains the salt solution in a solid form.   87 
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A proof-of-concept is provided by using CaCl2, a cheap, stable, eco-friendly, and nontoxic 88 

deliquescent salt. The hydration reaction of CaCl2 enables it to capture water at low humidity (i.e. 89 

RH 10-25%) while its deliquescence further draws more water vapor into the dissolving salt with 90 

RH ranges down to 26% at 25 oC,  making it an effective water sorbent for wide range with a 91 

superior capacity. With a solar photothermal component built in, the deliquescent-salt-hydrogel-92 

photothermal composite material in this work captures 0.74, 1.10, and 1.75 g of water vapor for 93 

each gram of the dry composite material under RH of 35, 60 and 80%, respectively (mixing ratio 94 

6.5, 11.8 and 16.2 g/kgair), and it releases almost 100% of the captured water under irradiation 95 

with regular sunlight intensity. The water capture capacity achieved at 35% humidity is three 96 

times higher than the MOF and CuCl2 materials. In field condition outdoors (April 2018 at 97 

Thuwal, Saudi Arabia), an “easy-to-assemble at household” and all-in-one prototype device with 98 

a dry hydrogel disk of 35 g in it sorbed 37 g of water vapor from an open air with RH between 99 

60-70%. Under natural sunlight, the device quickly delivered ~20 g of fresh water within just 2.5 100 

hours. Based on these performances and by extrapolation, it is estimated that the material cost of 101 

the AWG device to supply a minimum daily water need (3 kg/day) for an adult is only $3.2 USD. 102 

This technology provides a promising solution for clean water production in arid and land lock-103 

remote regions. The superior water harvesting capacity within wide RH range makes the 104 

composite hydrogel in this work a versatile AWG for islands regions and inland areas with low 105 

to high RH as well. 106 

Experiment and methods 107 

Chemicals and materials 108 

Acrylamide monomer (AM, 99%, Sigma-Aldrich), potassium persulfate (KPS, 99%, Acros 109 

Organics), N, N’-methylenebisacrylamide (MBAA, 99%, Sigma-Aldrich), N,N,N’,N’-110 
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tetramethylethylenediamine (TEMED, 99%, Sigma-Aldrich), carbon nanotubes (CNTs), nitric 111 

acid and calcium chloride (CaCl2, 99%, Sigma-Aldrich) were used without further purification. 112 

Deionized (DI) water (18.2 MΩ, from Milli-Q system) was used throughout the experiments. 113 

Multi-walled carbon nanotubes were purchased from Sigma-Aldrich. 114 

Material characterization 115 

Scanning electron microscope (SEM) images were captured on a FEI Nova Nano 630 116 

microscope. The UV-vis-NIR absorption spectrum was conducted on an Agilent Cary 5000 UV-117 

vis-NIR spectrophotometer. X-ray diffraction (XRD) analysis was performed by a Bruker D8 118 

Advance diffractometer (Cu Kα，the wave length is 1.5418Å). The contact angle was measured 119 

with an OCA 35 (DataPhysics, Filderstadt, Germany) at ambient temperature using a 5 µL water 120 

droplet as the indicator. The mechanical stretching test was carried out on an INSTRON 5944 121 

universal testing system. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 122 

(Optima 8300, PerkinElmer, Inc.) was used to test the quality of final product.  123 

Fabrication of PAM-CNT-CaCl2 hydrogel 124 

Pretreatment of CNT. An aliquot of 6.0 g of as purchased CNTs (6-9 nm × 5 µm) was 125 

dispersed in a mixture of 70% nitric acid (60 mL) and 97% sulfuric acid (180 mL). The 126 

dispersion was then refluxed for 4 h at 70 oC followed by 2 h sonication. The as-treated 127 

dispersion was filtrated and washed by DI water thoroughly before use.  128 

PAM-CNT-CaCl2 hydrogel. 1.0 g of AM was dissolved in 5 ml of the CNT dispersion with a 129 

specified amount of CNT added (i.e. 2.500, 1.250, 0.500, 0.375, 0.250, 0.125, 0.050, 0.025 mg). 130 

Then the AM-CNT dispersion was purged with nitrogen to eliminate dissolved oxygen. 5.00 mg 131 

of KPS as initiator and 0.38 mg of MBAA as crosslinking agent were then added into the AM-132 
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CNT dispersion. Finally 25 µL of TEMED was added as the crosslinking accelerator. PAM-CNT 133 

hydrogel was obtained after the mixture was settled overnight. To load CaCl2, the as-prepared 134 

PAM-CNT hydrogel was freeze dried at -80 oC (FreeZone 2.5 plus, LABCONCO) followed by 135 

immersing it into 10 ml of CaCl2 solution with varied concentration (i.e. 0.1, 0.2, 0.3, 0.4, 0.5, 136 

and 0.6 g/mL) for 24 hours under ambient condition (i.e. RH 60%, 22 oC). The as-prepared 137 

PAM-CNT-CaCl2 hydrogel was dried at 80 oC in a blast oven for 3 days.  138 

Water sorption experiments 139 

Water vapor sorption tests were conducted on a NETZSCH Jupiter® simultaneous thermal 140 

analyzer (STA) 449 measurement system coupled with water vapor generator. For the dynamic 141 

RH test, the water vapor generator was programmed to output nitrogen flow with different RH 142 

along with variable equilibration time. The STA furnace was first heated up to 80 oC and 143 

maintained for 2 hours with a constant RH of 1.5% to release sorbed water. After dehydration 144 

process, the STA furnace was then cooled down to 25 oC for water vapor sorption test. During 145 

the water vapor sorption test, the RH was programmed to increase step by step from 5% to 30% 146 

with a step interval of 5% and equilibration time for each step of 60 min. For the RH range 147 

between 30% and 80%, the step interval was 10% with an equilibration time of 60 min for each 148 

step. For the static RH test, the water vapor generator was programmed to output nitrogen flow 149 

with static RH and a constant equilibration time of 1000 min was employed.  150 

Solar photothermal assisted water release, and device fabrication and their performance 151 

measurement outdoors 152 

The as-prepared PAM-CNT-CaCl2 hydrogel was first exposed to 60% RH atmosphere for 36 h at 153 

room temperature (22 oC) to reach its water saturation. The water-saturated PAM-CNT-CaCl2 154 
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hydrogel was then directly exposed to simulated sunlight (Oriel solar simulator) at certain light 155 

intensity (i.e. 1.0, 0.8, 0.6 kW/m2). The weight change of the hydrogel was monitored and 156 

recorded, and the temperature of the hydrogel top surface was measured by IR camera. To test 157 

the stability of PAM-CNT-CaCl2 hydrogel, the water sorption/release experiments were 158 

conducted under 1 kW/m2 for 10 times. 159 

An “easy-to-assemble-at-household” and all-in-one device was further fabricated for field 160 

condition measurement. The very simple device used a disposable plastic lunch box as the 161 

container, aluminum foil as isolator and copper foil as heat conductor. The lunch box cap was cut 162 

open to have a hole of 10 × 10 cm2 which was covered with a piece of anti-fogging glass to let 163 

sunlight in. The device with a round-shaped hydrogel in it was first kept in an open air (RH 60-164 

70%) for 17 hours without capping. Then the lunch box was capped. The device was let sit 165 

outside during daytime for 2.5 hours (From 13:20-15:50) on April 29, 2018 at KAUST campus 166 

and the liquid fresh water was collected. A magnifying glass was further combined with a 167 

modified device and its water release performance was investigated.  168 

 169 

Results and discussion 170 
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 171 

Figure 1: The conceptual design of the hybrid hydrogel as AWG. Water vapor can be captured 172 

during night time and released during day time under assistance of sunlight. The flexible 173 

property of hydrogel substrate ensures the unsuppressed water vapor sorption capacity. 174 

In this work, we present a novel capacity-enhanced water vapor sorbent for AWG application. 175 

The sorbent is in a form of hydrogel with deliquescent salt (i.e. CaCl2 in this work) imbedded 176 

inside the hydrogel and the salt is responsible for atmospheric water vapor harvesting. The cross-177 

linked hydrogel network holds and keeps the deliquescent CaCl2 solution in a solid form, and the 178 

flexible expansion behavior of the hydrogel makes the pore volume not a limiting factor and thus 179 

enhances the water sorption capacities beyond conventional porous desiccants with rigid 180 

frameworks. A simple but all-in-one AWG device is fabricated to demonstrate its working 181 

principle and performance under field conditions: (a) the composite hydrogel sorbs water vapor 182 

in open air at night when humidity is higher and temperature is lower; (b) water is released from 183 

the hydrogel in an close chamber at a high temperature produced by the photothermal heating 184 

effect at daytime by using sunlight as the only energy source; (c) air-cooling assisted water 185 
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condensation (passive cooling condensation) and collection takes place in the same close 186 

chamber inside the device (Figure 1).  187 

Synthesis of PAM-CNT-CaCl2 hydrogel. 188 

PAM is selected as the hydrogel network in this work because of its chemical stability, water 189 

retaining ability, flexibility and low cost.32-35 CNT is used as the photothermal component due to 190 

its chemical stability, superior light absorbance and outstanding light-to-heat conversion 191 

efficiency as demonstrated in the literatures.36-37 In this project, polyacrylamide(PAM)-CNT 192 

hydrogel was synthesized by in situ polymerization of Acrylamide(AM) monomer in the 193 

presence of CNTs (step 1 and 2 in Figure 2). The as-made hydrogel was then made into 194 

macroporous hydrogel by a freeze-drying process (step 3 in Figure 2). Finally, PAM-CNT-CaCl2 195 

hydrogel was fabricated by immersing the freeze-dried sample in the CaCl2 aqueous solution 196 

(step 4 in Figure 2), followed by directly drying in a blast oven to removal water (step 5 in 197 

Figure 2).  198 

 199 

Figure 2. Schematic of PAM-CNT-CaCl2 hydrogel synthesis process. 200 
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The structure rigidity of the hydrogel is strongly dependent on the amount of the polymer in the 201 

hydrogel, which can be modulated by changing the amount of AM monomer in the synthesis 202 

process.38 The amount of the AM monomer precursor in the work is optimized to be 20 wt% 203 

(monomer to solvent ratio) based on the following facts and the cost consideration: (1) the AM 204 

monomer of 20 wt% is the value at which the PAM hydrogel exhibits a standalone solid form 205 

and has a sufficient structural stability. If the AM monomer concentration is lower than 20%, the 206 

product start to forms sticky and thick liquid-like structure; (2) increasing AM monomer 207 

concentration to above 20 wt% does not lead to any noticeable benefit of enhanced water 208 

sorption and release.  209 

 210 

Figure 3. UV-vis-NIR absorption spectra of (a) water and (b) PAM-CNT hydrogels with varying 211 

amount of CNT loading. Inset photos are the image of PAM-CNT hydrogels with different CNT 212 

loading amount. SEM image of (c) and (d) PAM, (e) and (f) PAM-CNT. 213 

UV-vis-NIR spectrum of water is shown in Figure 3 (a), indicating its strong absorption of NIR 214 

light at wavelength above 1400 nm.39-40 The purpose of adding CNTs in the hydrogel is mainly 215 

to increase the light absorption from 240 to 1400 nm. Figure 3 (b) compares the UV-vis-NIR 216 
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absorption spectra between 240 and 1400 nm of PAM-CNT hydrogels with a fixed thickness of 5 217 

mm but different CNT loading amounts. As seen, a small amount of CNT in the hydrogel (i.e. 218 

ppm level) would lead to a large increase in light absorbance.41-42 99% of the incident light was 219 

absorbed when the CNT loading amount was only 0.083 wt‰. In this work, the CNT loading in 220 

the hydrogel was set to be 0.42 wt‰, where almost 100% of the incident light was absorbed. 221 

Figures 2 (c) and (d) present the SEM images of the crosslinked hydrogel after freeze drying. As 222 

seen, the freeze-dried PAM hydrogel shows porous structure with an averaged pore diameter 223 

around 3 µm (Figure 3 (c)) and wall thickness of ~100 nm (Figure 3 (d)). With PAM-CNT, the 224 

pore size was reduced to around 2 µm (Figure 3 (e)) while the wall thickness remained 225 

unchanged (Figure 3 (f)).  226 

CaCl2 was then loaded into PAM-CNT hydrogel by aqueous solution based impregnation. In 227 

doing so, 5 cm3 of the freeze-dried PAM-CNT was immersed in 10 mL of CaCl2 aqueous 228 

solution with different concentrations (i.e., 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 g/mL) for 24 hours, 229 

followed by drying to remove water. As seen in Figure S1, the volume of the hydrogels 230 

expanded differently in response to the immersion in CaCl2 solutions with different 231 

concentrations. At the end of 24 hours, for the hydrogels treated with low CaCl2 concentrations 232 

(0.1, 0.2, 0.3 and 0.4 mg/mL), almost 100% of the solution was sorbed and retained inside the 233 

hydrogels. In the case of the 0.5 and 0.6 g/mL CaCl2 solutions, only 62% and 50% of CaCl2 in 234 

the solutions were incorporated into the hydrogel network, which is presumably due to the 235 

reduced swelling ratio of PAM-CNT-CaCl2 hydrogel within highly concentrated CaCl2 solution. 236 

First, it has been reported that the coordination between carbonyl (C=O) oxygens of PAM and 237 

Ca2+ enhances the physical crosslinking of PAM chains. Secondly, the “salting-out” effect causes 238 

the shrinkage of the PAM’s hydrodynamic volume and overlap of the PAM chains. Both of these 239 
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two effects decrease the swelling ratio of the hydrogel. This result is similar to that the solubility 240 

of PAM in water decreases at a high concentration of salt as reported in the literatures.43-46 The 241 

mass loading of CaCl2 in the hydrogels, which was estimated by the weight difference of the 242 

dried samples before and after the salt loading, was 1.0, 2.0, 3.0, 4.0, 3.1 and 3.0 g for each gram 243 

of the dry PAM-CNT for the CaCl2 solution concentrations of 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 g/mL, 244 

respectively. Clearly, the CaCl2 immersion solution with a concentration of 0.4 g/mL gives the 245 

highest CaCl2 loading among all.  246 

To evaluate the water sorption capacity of the hydrogels with different CaCl2 loading amounts, 247 

the as-prepared dry hydrogels were put under constant RH for 36 hours to reach their water 248 

sorption saturation. Two constant RH conditions (35% and 60%) were tested and the results are 249 

presented in Figure 4 (a). For both RH conditions, it is found that the CaCl2 mass loading of 4.0 250 

g/g, corresponding to the immersion CaCl2 solution of 0.4 g/mL in the preparation, gave the 251 

highest water vapor sorption capacity, among all samples tested. This result is as expected since 252 

CaCl2 is the water sorbent in the hydrogel. Thus, PAM-CNT-CaCl2 with the CaCl2 mass loading 253 

of 4.0 g/g is chosen as the optimized one for further investigation thereafter.  254 

Figures 4 (b-1)-(b-3) show the photos of CaCl2 salt before and after its water vapor sorption. It 255 

can be seen that the white solid salt was fully liquidized to a colorless transparent solution after 256 

CaCl2 salt being exposed in 60% RH air. Figures 3 (c-1)-(c-3) present the photos of PAM-CNT-257 

CaCl2 hydrogels before and after the same water sorption tests. After the water sorption, the 258 

PAM-CNT-CaCl2 hydrogel significantly expanded but still in a solid form like a soft rubber. 259 

Mechanical property was also tested to evaluate the physical stability of the hydrogel (Figure S2). 260 

As can be seen, the elastic deformation was as high as 1250% for PAM-CaCl2 and 560% for 261 
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PAM-CNT-CaCl2. The failure tensile strength for PAM-CaCl2 and PAM-CNT-CaCl2 were 32.7 262 

and 35.1 kPa, respectively. 263 

264 

 265 

Figure 4. (a) Water saturation of PAM-CNT-CaCl2 hydrogel with varied CaCl2 loading at RH 35% 266 

and RH 60%. Weight gain (%) is relative to the dry weight before the sorption. Digital photos of 267 

CaCl2 (b-1) before and (b-2 and b-3) after water vapor sorption, PAM-CNT-CaCl2 (c-1) before 268 

and (c-2 and c-3) after water vapor sorption. (c-3) shows the water-sorbed hydrogel being held 269 

by a plastic tube, indicates its flexible and stable property.  270 

Water sorption assessment  271 

The water sorption behaviors of the hydrogel were then investigated and compared in details 272 

under dynamic and static humidity scenario. A constant temperature of 25 oC was set and kept 273 

throughout the water sorption process for all samples. The choice of 25 oC was based on the fact 274 

that this temperature is a typical in arid areas at night when water vapor sorption takes place. All 275 

samples for water sorption assessment were first dried prior test. In the dynamic scenario, the 276 

hydrogels were kept in a flow with a step-wise increasing humidity for certain period of time 277 

while for the static scenario the RH was kept unchanged throughout the water sorption process. 278 
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Details regarding to the STA programs are provided in the Materials and Methods section (water 279 

sorption experiments). 280 

The dynamic RH test was first applied to PAM and PAM-CNT hydrogels (Figure S3 a and c). 281 

Both of them showed a similar water sorption characteristic, with the water vapor sorption 282 

slightly higher for the dried PAM than the dried CNT-PAM in the low humidity range (RH 283 

<40%, mixing ratio < 7.9 g/kgair  ) and no obvious difference in high RH range. However, there 284 

was no significant difference in high humidity range.  285 

The static RH test result (Figure S3 b and d)  indicates that PAM and PAM-CNT hydrogels 286 

gradually approached water uptake value near to its saturation capacity within 400 min, and the 287 

final weight change due to water sorption are 32 wt% and 38 wt% water in 80% RH, respectively.  288 

As can be seen in Figure 5 (d) and (g), both PAM-CaCl2 and PAM-CNT-CaCl2 samples shared 289 

similar RH-dependent water vapor sorption trend in dynamic water sorption measurement. The 290 

water sorption both started at a very low humidity of 5%, and then gradually increased with the 291 

increase of humidity, with much higher water sorption amounts than the hydrogels without CaCl2 292 

loading under otherwise the same condition. The water sorption curves recorded in static RH 293 

condition with different RH are presented in Figure 5 (e) and (h). With RH of 10, 35, 60 and 294 

80%, the water sorption amounts at the end of the experiment were 6, 72, 116, 203% for PAM-295 

CaCl2, and 5, 69, 110, 173% for PAM-CNT-CaCl2 sample, respectively. The amount of water 296 

sorbed by PAM-CaCl2 and PAM-CNT-CaCl2 at 80% humidity are 6.3 and 4.5 times the weight 297 

of the respective hydrogels before loading with CaCl2 (Figure S3 b and d) which clearly 298 

demonstrates the effectiveness of CaCl2 in water sorption. 299 
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The water sorption property of the hydrogels with CaCl2 loading is very similar to that of pure 300 

CaCl2 crystal (Figure 5 (a) and (b)), with only slight difference in specific sorption amount, 301 

indicating that CaCl2 is majorly responsible for the water sorption of the PAM-CNT-CaCl2. 302 

Since the phase diagram of water-CaCl2 has been well studied and can be easily found in the 303 

literature, we believe it can be used to explain the water sorption behavior of our PAM-CNT-304 

CaCl2 hydrogel.47 The CaCl2 contains two primary stage regarding to the water sorption process. 305 

In the first stage, anhydrous CaCl2 crystal captures water molecules through hydration reaction 306 

and forms hydrates. After the CaCl2 sorbs enough water and forms CaCl2.6H2O, it is then 307 

dissolved in the sorbed water as more water is sorbed. The vapor pressure of a saturation CaCl2 308 

aqueous solution at 25 oC is 0.9 kPa, equivalent to a humidity of 26% (mixing ratio 4.9 g/kgair). 309 

In other words, the water sorption by CaCl2 at a RH < 26% is attributed to its increase of the 310 

hydration water, and that occurred at RH > 26% leads to a dilution of CaCl2 aqueous solution, i.e. 311 

deliquescence. It should be pointed out that the value of this RH of 26% as a critical point can be 312 

varied with the ambient temperature. 313 

Theoretically, the water sorption amount in the first stage for pure anhydrous CaCl2 is 97% 314 

ending as CaCl2·6H2O. However, the last two hydrate molecules of water are hard to be removed 315 

at a temperature lower than 160 oC.48 In our case, the samples were pre-dried at 80 oC because 316 

this is a reasonable temperature that can be achieved by photothermal heating under regular and 317 

non-concentrated sunlight. Consequently, the CaCl2 in our hydrogel after drying process at 80 oC 318 

was mainly a mixture of CaCl2·4H2O and CaCl2·2H2O, which is confirmed by XRD analysis 319 

(Figure S4) and phase diagram.47 Since 4 g of CaCl2 was loaded into 1 g of PAM-CNT (4/5 of 320 

overall weight), the loading ratio of CaCl2 was 80%. The overall weight change contributed by 321 

hydration reaction should be insignificant during water sorption process, i.e. < 30 %, which is 322 
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small portion of the final water sorption amount. This analysis indicates that most of the water 323 

sorption for the hydrogel material is contributed by deliquesce of the CaCl2 aqueous solution. 324 

The amount of water sorbed during deliquescent stage is highly dependent on humidity of the 325 

surroundings. Therefore, the sorption continuously increases with the increase of humidity, 326 

which gives CaCl2 a broad sorption window as shown in Figure 5 (a), (d), and (g). 327 

Derivative weight change based on the results obtained from static RH test was employed to 328 

investigate the water sorption kinetics of CaCl2, PAM-CaCl2 and PAM-CNT-CaCl2 (Figure 5 (c), 329 

(f) and (i)). All three samples show a small sorption rate at RH 10% (mixing ratio 2.0 g/kgair) in 330 

the first 200 mins, and the sorption rate quickly decreases to near zero after 200 min, implying a 331 

small amount of water sorption behavior at RH 10%. When RH is > 10%, PAM-CaCl2 and 332 

PAM-CNT-CaCl2 share similar sorption trends to that of CaCl2, but with much higher sorption 333 

rates, which might be due to the porous structure of the hydrogels. During the period of the static 334 

RH test (i.e. 1000 min), PAM-CaCl2 and PAM-CNT-CaCl2 reached their saturation states at the 335 

definite RH of 10, 35 and 60%, indicated by their sorption rate at the end of the test being quite 336 

close to zero. However, at RH 35, 60 and 80%, pristine CaCl2 salt failed to reach its saturation 337 

state within 1000 min, which might be attributed to its liquid characteristic after deliquescence. 338 

Presumably, water sorption only occurs and is controlled by boundary layer at the air on the 339 

CaCl2 solution interface.    340 

By comparing the results of three batches of the samples all together, the following conclusions 341 

can be made: (1) the water sorption performance of PAM-CaCl2 and PAM-CNT-CaCl2 are 342 

mainly contributed by CaCl2; (2) the hydrogel substrate does not suppress the overall water 343 

sorption performance; (3) the hydrogel platform not only provides physical stability of the AWG 344 

but also enhances the water sorption kinetics, leading to a faster vapor sorption rate than pristine 345 
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CaCl2 salt. It is worth mentioning that the final weight changes in Figure 4d and g are the 346 

integrated value of water vapor sorption throughout the whole RH ranges, which does not reflect 347 

the sorption performance of the material at a specified RH condition.  Our water sorption test 348 

results was also compared with some of the other solid-state water sorbent (i.e. silica gel, zeolite, 349 

MOF, activated alumina, clay, etc.), demonstrated a superior water capacity (Table S1). 350 

 351 

Figure 5. Water vapor sorption curves of (a), (b), (c) CaCl2, (d), (e), (f) PAM-CaCl2, and (g), (h), 352 

(i) PAM-CNT-CaCl2.  (a) (d) (g) are the dynamic curves. (b) (e) (h) are the static curve while (c) 353 

(f) (i) are the derivative weight change curve  (the weight change (%) is relative to the dry 354 

sample weight before the sorption) 355 

Water release under light  356 
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In an AWG device, water is released under the help of sunlight via photothermal effect to 357 

increase the temperature of the sorbent.16, 19-20 In this work, the water release performance of the 358 

hydrogels were investigated using a simulated sunlight source in lab. PAM-CaCl2 and PAM-359 

CNT-CaCl2 hydrogel samples were firstly stored at room temperature (22 oC) in air with RH 60% 360 

(mixing ratio 9.7 g/kgair) for 36 hours to ensure a full water sorption. The water content of these 361 

two water-saturated hydrogels were 53.7% for PAM-CaCl2 and 54.5% for PAM-CNT-CaCl2 362 

hydrogel, respectively. 5.0 g of the water-saturated hydrogels were exposed under a simulated 363 

sunlight with an intensity of 1 kW/m2 for water releasing. The surface temperature of PAM-364 

CaCl2 only increased to 35 oC under the light illumination for 50 mins, and then slowly increased 365 

to approximately 42 oC after 275 mins. The temperature increase is mainly attributed to the light 366 

sorption by water in this case as discussed in Figure 3 (a).The surface temperature of the 367 

hydrogel is determined by its energy balance. In the initial stage of 50 mins light illumination, 368 

there is a relatively fast water release (Figure 6 (a)), which takes away a large amount of heat and 369 

thus leads to a low temperature of the hydrogel. The water evaporation rate then gradually 370 

decreases because the salt concentration in the residual water inside the hydrogel keeps 371 

increasing during this process due to the loss of water. As a result, the heat consumption by the 372 

water evaporation decreases, moving the balance to a higher equilibrium temperature. At the end 373 

of the experiment, the temperature of the PAM-CaCl2 reached 42 oC and 25% of the total weight 374 

of the hydrogel was lost to the released water. This result suggests that only less than half of the 375 

water inside the PAM-CaCl2 hydrogel was able to be released.  376 

As to PAM-CNT-CaCl2, its surface temperature jumped to 50 oC initially at 25 mins, which is 15 377 

oC higher than that of PAM-CaCl2. This comparison convincingly demonstrates the great 378 

photothermal effect of the CNTs in the hydrogel. It should be noted that, due to its higher 379 
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temperature, PAM-CNT-CaCl2 had a much higher evaporation rate than PAM-CaCl2. The water 380 

evaporation rate then gradually decreased along with the increase of the surface temperature. The 381 

temperature recorded in the end was 75 oC and the weight change % was ~53% at the end of 270 382 

min for PAM-CNT-CaCl2, indicating almost all (>97%) sorbed water inside PAM-CNT-CaCl2
 

383 

was released. With most of the available water being released from the hydrogel, the heat loss 384 

via convection, radiation and conduction are the major energy consumption to balance the 385 

constant solar input, and therefore the hydrogel temperature profile shows a plateau in the last 386 

stage from 180 min to 270 min as shown in Figure 6 (b).  387 

Figures 5 (c) and (d) show the temperature and weigh variation time course of PAM-CNT-CaCl2 388 

irradiated with simulated sunlight with varied light intensity. The temperature observed at 270 389 

min under 0.6, 0.8 and 1.0 kW/m2 sunlight illumination was 55, 66 and 75 oC (Figure 6 e1-e4), 390 

respectively. The corresponding weight change of the samples were 44, 49 and 53%, respectively, 391 

corresponding to 80, 89 and 97% release of the sorbed water. It demonstrates that most of the 392 

sorbed water can still be efficiently released under weakened sunlight. These photothermal-393 

assisted water release experiments indicate that PAM-CNT-CaCl2 hydrogel has a great potential 394 

as an efficient AWG working within wide range of RH and sunlight conditions.  395 
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 396 

Figure 6. (a) Time course of temperature and weight change of (a) PAM-CaCl2, (b) PAM-CNT-397 

CaCl2 under 1 kW/m2 light irradiation. (c) Temperature and (d) weight change profiles of PAM-398 

CNT-CaCl2 irradiated under varied sunlight strength. (e) IR image of PAM-CaCl2 under 1 399 

kW/m2 sunlight irradiation, PAM-CNT-CaCl2 under 0.6, 0.8 and 1 kW/m2 irradiation, 400 

respectively. (f) Stability test of PAM-CNT-CaCl2. Blue shade highlights the first sorption-and-401 

release cycle and residual weight (%) is relative to the total amount of the water sorbed by PAM-402 

CNT-CaCl2 during 36 hours saturation.  403 

In order to demonstrate the stability of PAM-CNT-CaCl2 AWG hydrogel, a cycling test was 404 

performed. Water sorption was conducted by letting 2.5 g of the dried hydrogel sitting in an open 405 

air with RH of 60% at 22 oC for 36 hours in the dark, followed by one sun irradiation for 5 hours. 406 

The whole cycle was repeated for 10 times and the results are presented in Figure 6 (f). As can 407 

be seen, the water sorption and release performances of PAM-CNT-CaCl2 show no degradation 408 

after 10 cycles, indicating its long-term operational stability. It has to be mentioned that instead 409 
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of matching the time scheme of daily cycle (i.e. 24 h), the cycling test was carried out based on 410 

the time scheme of 36-hour sorption plus 5-hour desorption process, which can be treated as a 411 

reference value to estimate the stability of PAM-CNT-CaCl2 AWG hydrogel.   412 

Solar water collection devices. 413 

 “Easy-to-assemble-at-household” water collection device. In light of practical application, a 414 

field test based on an “easy-to-assemble-at-household” water collection device was conducted. A 415 

very simple but all in one device was fabricated by using easily available and cheap commercial 416 

materials and used outdoors for field test. Figure 7 (a) illustrates the structure of this device, 417 

consisting of (1) a plastic box as container, (2) metal foil as isolator (aluminum) and heat 418 

conductive side wall (copper), (3) transparent cap and (4) PAM-CNT-CaCl2 hydrogel. The 419 

choice of the copper metal foil is because it possesses a high thermal conductivity and therefore 420 

is beneficial to water condensation on this wall plate surface using the ambient air as the heat 421 

sink. The driving force of the water condensation is the temperature gradient between the cold 422 

copper surface of the container wall and the warm PAM hydrogel. The warm hydrogel produces 423 

a water vapor with high partial pressure in the air inside the container, which is higher than the 424 

saturated vapor pressure of water.  When the vapor meets the cold wall, it condenses on the 425 

surface of the cold wall, producing liquid water. Figure 7 (b) shows the digital photo of the 426 

device.  427 

A round-shaped dry hydrogel with a dry weight of 35 g was put inside the device and the device 428 

was then placed outdoors overnight in KAUST campus at Thuwal, KSA (5 pm April 28 to 10 am 429 

on April 29, 2018, with an average temperature of 26 oC and 60-70% RH, mixing ratio 12.6-14.3 430 

g/kgair). The device sorbed 37 g water during the period of time. Figures 6 (c) and (d) present the 431 

dimensions of the water loaded hydrogel embedded in the water collection device. The water 432 
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release and collection was conducted under natural sunlight without any concentration. The 433 

experiment started at 13:20 pm local time (GMT+3) and within 2.5 hours, around 20 g of fresh 434 

water was collected inside the container (Figure 7 (e-g)). The weather data can be found in 435 

Figure 7 (h). The fact that only 20 g of the fresh water was collected out of 37 g of the total water 436 

vapor harvested can be explained as follows: (1) there was a significant amount of water droplets 437 

sticking onto the container walls; (2) the water release in the device was inside a close chamber 438 

where there was a higher temperature than the case of the water release in open air as presented 439 

in Figure 6. The water releasing performance in the sealed chamber was reduced due to a much 440 

higher water vapor partial pressure inside the sealed container. (3) The design of the simple 441 

device by easily accessible cheap materials weighs the convenience over energy efficiency. Thus, 442 

its energy efficiency was not optimized. Nevertheless, our outdoor experiments demonstrate the 443 

efficacy of the easy-to-assemble devices and the choices of building materials for such devices 444 

can be very diverse, including plastic wrap/bag, empty can, glass jar, etc. 445 

We also compared our work with conventional direct-cooling process by using moist harvesting 446 

index (MHI). MHI was first introduced by Gido et al in 2016, and it is used to estimate the 447 

relationship between energy consumption and water production under varied ambient condition 448 

in direct cooling process.49 The detailed calculation can be found in supporting information.  449 

As the result, the MHI is only 0.16 for RH 35%, 25 oC condition, where the direct cooling 450 

process is not preferred but PAM-CNT-CaCl2 hydrogel can still preserve an acceptable water 451 

production yield. For RH 60%, 26oC, the MHI increased to 0.46, where both direct-cooling 452 

method and PAM-CNT-CaCl2 hydrogel can be used as AWH technic. These index also reflected 453 

and matched the simulation results reported by Gido et al on the lithium chloride-based 454 

continuous AWH system.31    455 
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 456 

Figure 7. (a) Schematic and (b) digital photo of “easy-to-assemble-at-household” water 457 

collection device prototype based on PAM-CNT-CaCl2 hydrogel. (c) and (d) Dimension 458 

illustration of PAM-CNT-CaCl2 hydrogel used in this work. (e) Condensed water on the wall of 459 

the box during water collection process. (f) Digital image of the hydrogel after water release 460 

process. (g) Photo of water collected from (f). (h) Weather data during time period of the field 461 

test. The nature-sunlight-assisted work was conducted on April 29, 2018, KAUST, Thuwal, KSA. 462 

To further enhance the performance of the device, one commercial magnifying glass was 463 

combined with the previous device design, minor adjustment was carried out to install the 464 

magnifying glass. In this test, 5 g of water loaded PAM-CNT-CaCl2 hydrogel (~2.65 g of water 465 

sorbed in the hydrogel) was placed into the modified device and irradiated by simulated sunlight. 466 

Figure S5 shows the schematic (a) and digital image (b) of the water collection device with a 467 

magnifying glass on top, where condensed water droplets can be clearly seen on the surface of its 468 

copper side wall (Figure S5 b1 and b2) after 10 min and 60 min. After 2 hours, 2.6 g of water 469 

was collected, representing 98% of the pre-sorbed water. 470 
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The device with the magnifying glass delivered more water (i.e. 0.52 g vs. 0.30 g water per gram 471 

of the water loaded hydrogel) within a shorter period of time (i.e. 2.0 vs. 2.5 hours) than the one 472 

without the glass. This result is expected and the magnifying glass concentrated the light, led to a 473 

higher temperature of the hydrogel, and thus enhanced water release.   474 

Both of the devices, namely with and without the magnifying glass, can be well suited for point-475 

of-use water production as emergency response or in case of natural disasters, wars, etc. In the 476 

real-world applications, the overall performance for these water harvesting device may be 477 

influence by several factors, such as daily variation in solar irradiation density, weather 478 

conditions, etc. These aspects need be counted into consideration when deploying hydrogel. In 479 

operating the device, simple maintenance (i.e. transparent cap cleaning/wiping) might be needed 480 

from time to time. With some simplifying assumptions, the material cost of an easy-to-assemble 481 

device which could deliver 3 liter per day, the minimum daily water requirement per capita, was 482 

estimated to be $3.2 and $1.76 under RH 35% and RH 60 % weather conditions during water 483 

vapor sorption, respectively (Table S2). This device is focused on providing clean water to fulfill 484 

the minimum water intake requirement for individuals. The guideline value (i.e. 3 liters per day 485 

per person) suggested by WHO was used to roughly estimate the overall investment cost. Even 486 

though personal hygiene is highly important to lower down the public health risk, however, it is 487 

beyond the scope of this work to provide water for wash purpose and thereafter the investments 488 

are not included in the estimation.50  489 

The quality of the produced water was examined by ICP-OES equipped with a segmented-array-490 

charge-coupled device (SCD) detector. Since the salt we used as sorbent in this work is CaCl2, 491 

the concentration of calcium element was checked and found to be below the detect limit of ICP-492 
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OES-SCD (0.5-1 ppb), which makes it not a concern according to WHO water quality guide and 493 

thus suitable for direct potable consumption.50
  494 

Thus the results in this work indicates that the hybrid PAM hydrogel possesses outstanding water 495 

sorption capability which is similar to CaCl2, and its flexible solid form makes it an effective 496 

AWG. The excellent water production performance of the hydrogel based simple and affordable 497 

device was confirmed under field conditions. Given the fact that the working RH range of the 498 

hybrid hydrogel covers most of arid deserts, almost all islands, and inland remote regions, the 499 

AWG devices based on the hydrogel are low cost, versatile, deployable, and thus suitable for 500 

delivering much needed fresh water therein.   501 

 502 

 503 
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