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ABSTRACT 

 

Harvesting Clean Water from Air 

Renyuan Li 

Water scarcity has caused severe impact on the entire ecosphere while the climate change 

is resulting in high frequency of extreme weather conditions, especially extended period 

of drought. Due to the even increasing world’s population and the continued societal 

modernization, water scarcity is now one of the leading global challenges towards the 

development of human society. On the other hand, atmospheric water, accounting for 6 

times the water in all rivers on Earth, is emerging as an alternative water resource. This 

dissertation thoroughly investigated the fully solar energy driven atmospheric water 

harvesting (AWH) process in a broad scientific and application context. The light-to-heat 

conversion process of solar photothermal materials was investigated first with a rationally 

designed droplet-laser system, which in combination with the calculation of heat of 

absorption of water vapor for various application scenarios, formed a theoretical basis of 

this dissertation research. As a result, a series of commonly used hydrated salts and their 

anhydrous counterparts were judiciously selected and successfully proven to be low-cost 

AWH materials to generate clean fresh water for arid regions. A hydrogel-deliquescent 

salt composite was further developed as AWH material with a significantly enhanced 

fresh water production capacity. A new design of nano-capsule encapsulated deliquescent 

salt was further put forward to enhance water vapor sorption/desorption kinetics, which 

enabled, for the first time, multiple sorption/desorption cycles within one day and thus 

multiplied water production capacity. The first-ever continuous AWH device, as opposed 

to batch-type one, was rationally designed, fabricated, and successfully tested in field 

conditions outdoors. At last, the dissertation pioneered a novel concept of atmospheric 

water sorption and desorption cycle for photovoltaic (PV) panel cooling. This dissertation 

shines significant light on sorption based atmospheric water harvesting and inspires more 

research efforts on this important research topic.      

  



5 
 

ACKNOWLEDGEMENTS 

 

First of all, I would like to express my greatest appreciation to my advisor and my 

dissertation defense committee chair, Prof. Peng Wang, who generously provided me the 

opportunity to work in his group and collaborated with so many top-talented scientists 

from all around the world. Professor Wang is a kind faculty with a sense of responsibility. 

Without any exaggeration, Professor Wang guided me into the field of science and taught 

me how to be a qualified researcher. 

I would like to offer my special thanks to Mr. David S. Yeh and his wife Rachel Yeh. 

David is a gentlemen who created and directed the KAUST visiting student research 

program (VSRP). I was the first student in VSRP, which is and will be the honor I 

treasure a lot.  David’s strong support was decisive for me to be recruited as a MS/PhD 

student here in KAUST.     

I would also like to thank Prof. Peiying Hong, Prof. Husam Alshareef, and Prof. 

Liangbing Hu, for their time to serve as my defense committee members. 

I would like to extend my appreciation to Dr. Yifeng Shi, Dr, Lianbin Zhang, Dr. Xiulin 

Yang, and Dr. Jinbo Wu for their kind help during my doctorial study. I would like to 

thank my friends and colleagues in KAUST Environmental Nanotechnology Lab who 

made the years I spent here delightful and memorable.  

Finally, my heartfelt gratitude is extended to my parents for their encouragement and 

unconditional support from every aspect of my life. I also owe appreciation to my wife 



6 
 

Dr. Mengchun Wu, who always gives me courage that rejuvenates me for new 

challenges. 

  



7 
 

TABLE OF CONTENTS 

 

EXAMINATION COMMITTEE PAGE ............................................................................ 2 

COPYRIGHT PAGE .......................................................................................................... 3 

ABSTRACT ........................................................................................................................ 4 

ACKNOWLEDGEMENTS ................................................................................................ 5 

TABLE OF CONTENTS .................................................................................................... 7 

LIST OF ABBREVIATIONS ........................................................................................... 11 

LIST OF ILLUSTRATIONS ............................................................................................ 14 

LIST OF TABLES ............................................................................................................ 22 

1. Chapter 1. Introduction. ......................................................................................... 23 

1.1 Global water shortage and water-energy nexus. ......................................................... 23 

1.2 Supply clean water in a broad scenario: a cheaper and easier approach is needed in 

the near future. .................................................................................................................. 25 

1.2.1. Physical water shortage regions .......................................................................... 25 

1.2.2. Economical water shortage regions..................................................................... 26 

1.3 Atmospheric water and humidity distribution ............................................................ 30 

1.4 Conventional atmospheric water harvesting (AWH) technologies, mechanism, and 

devices............................................................................................................................... 31 

1.4.1 Fog/cloud harvesting (Droplet phased water harvesting). ................................... 33 

1.4.2 Vapor-phased atmospheric water harvesting ....................................................... 37 

1.5 Light-to-heat conversion process and photothermal material ..................................... 40 

1.6 Photothermal sorption-based atmospheric water harvesting technologies ................. 43 

1.7 Aims and scope of this dissertation ............................................................................ 46 

1.7.1 Improving the performance water vapor sorbents ................................................ 46 

1.7.2 Modification of AWG device and the explorations of applications beyond the 

clean water production. ................................................................................................. 48 



8 
 

References ......................................................................................................................... 50 

2. Chapter 2. Estimation of the light-to-heat conversion efficiency of photothermal 

materials........................................................................................................................... 66 

2.1 Introduction ................................................................................................................. 66 

2.2 Material and Methods ................................................................................................. 68 

2.2.1 Materials ............................................................................................................... 68 

2.2.2 Synthesis of Ti3C2 MXene ................................................................................... 69 

2.2.3 Preparation of carbon nanotube............................................................................ 69 

2.2.4 Characterization ................................................................................................... 70 

2.2.5 Light-to-Heat conversion efficiency measurement .............................................. 70 

2.2.6 Fabrication of MXene thin membrane ................................................................. 71 

2.2.7 Water evaporation performance under one sun .................................................... 72 

2.3 Result and discussion .................................................................................................. 73 

2.3.1 MXene preparation ............................................................................................... 73 

2.3.2 Measurement and calculation of light-to-heat conversion efficiency .................. 74 

2.3.3 Photothermal water steam generation under on sun............................................. 84 

2.4 Conclusion .................................................................................................................. 88 

References ......................................................................................................................... 90 

3. Chapter 3. Harvesting water from air with anhydrate/hydrated salt couple. ... 96 

3.1 Introduction ................................................................................................................. 96 

3.2 Materials and Methods ................................................................................................ 98 

3.2.1 Chemicals and Materials. ..................................................................................... 98 

3.2.2 Material Characterization. .................................................................................... 99 

3.2.3 Fabrication of Bilayered Water Collection Device. ........................................... 100 

3.2.4 Water Collection and Photothermal Assisted Water Release. ........................... 100 

3.3 Results and Discussion ............................................................................................. 101 

3.3.1 Screening of the Salts Based on Physical and Chemical Stability and Their 

Available Water Capacity. .......................................................................................... 101 

3.3.2 Water Absorption Assessment. .......................................................................... 107 

3.3.3 All-in-One water Harvesting and Release Devices. ........................................... 109 

3.3.4 Stability test water collection disk. .................................................................... 119 



9 
 

3.4. Supporting information ............................................................................................ 120 

3.4.1 Light absorbance behavior of CuCl2 water collection disk. ............................... 120 

3.4.2 Water collection prototype. ................................................................................ 121 

3.5 Conclusion ................................................................................................................ 122 

References ....................................................................................................................... 123 

4. Chapter 4. Hybrid hydrogel for extended water production yield. .................. 128 

4.1 Introduction ............................................................................................................... 128 

4.2 Materials and Methods .............................................................................................. 132 

4.2.1 Chemicals and Materials .................................................................................... 132 

4.2.2 Material Characterization ................................................................................... 132 

4.2.3. Fabrication of Polyacrylamide (PAM)-CNT-CaCl2 hydrogel .......................... 133 

4.2.4. Water Sorption Experiments. ............................................................................ 133 

4.2.5. Solar Photothermal Assisted Water Release, Device Fabrication, and Their 

Performance Measurement Outdoors. ......................................................................... 134 

4.3 Results and Discussion ............................................................................................. 135 

4.3.1 Synthesis of PAM-CNT-CaCl2 hydrogel ........................................................... 136 

4.3.2 Water Vapor Sorption Assessment. ................................................................... 142 

4.3.3 Water Release under Sunlight. ........................................................................... 150 

4.3.4 Solar Water Collection Devices. ........................................................................ 153 

4.4 conclusion ................................................................................................................. 160 

References ....................................................................................................................... 162 

5. Chapter 5. Improving atmospheric water production yield: enabling multiple 

water harvesting cycles with nano sorbent ................................................................. 168 

5.1. Introduction .............................................................................................................. 168 

5.2 Materials and methods .............................................................................................. 171 

5.2.1 Chemicals and materials. ................................................................................... 172 

5.2.2 Material characterization. ................................................................................... 172 

5.2.3 Fabrication of hollow carbon sphere (HCS)-LiCl nano sorbent. ....................... 172 

5.2.4 Water sorption/desorption experiments. ............................................................ 174 

5.2.5 Batch-mode AWH device fabrication and the outdoor performance measurement.

 ..................................................................................................................................... 175 



10 
 

5.2.6 Continuous atmospheric water generator (AWG). ............................................. 176 

5.3 Results and discussions ............................................................................................. 177 

5.3.1 Synthesis of HOC-LiCl nano sorbent................................................................. 177 

5.3.2 Water sorption/desorption assessment. .............................................................. 184 

5.3.3 Photothermal assisted water release. .................................................................. 194 

5.3.4 Batch-process based AWH device and its outdoor performance. ...................... 198 

5.3.5 HCS-LiCl based continuous AWG device. ........................................................ 205 

5.4 Conclusion ................................................................................................................ 211 

References ....................................................................................................................... 213 

6. Chapter 6. Photovoltaic Panel Cooling by Atmospheric Water Sorption-

Evaporation Cycle ......................................................................................................... 217 

6.1. Introduction .............................................................................................................. 217 

6.2. Experiments and Methods........................................................................................ 220 

6.2.1. Chemical and Materials ..................................................................................... 220 

6.2.2. Fabrication of Polyacrylamide (PAM)-CNT-CaCl2 Hydrogel.......................... 220 

6.2.3. Material Characterization .................................................................................. 221 

6.2.4. Device assembly ................................................................................................ 221 

6.2.5 PV panel cooling test ......................................................................................... 222 

6.3. Results and discussion ............................................................................................. 223 

6.3.1. Synthesis of PAM-CNT-CaCl2 hydrogel cooling layer .................................... 224 

6.3.2. PV panel cooling performance under sunlight .................................................. 227 

6.3.3. PV panel cooling performance under simulated daylight ................................. 234 

6.3.4. PV panel cooling and atmospheric water collection ......................................... 236 

6.4. Conclusion ............................................................................................................... 238 

References ....................................................................................................................... 239 

7. Chapter 7. Conclusion, and Perspective Works ................................................. 244 

7.1 Conclusion ................................................................................................................ 244 

7.2 Perspective ................................................................................................................ 246 

           



11 
 

LIST OF ABBREVIATIONS 

 

AM    acrylamide 

AM-1.5   air mass-1.5 

AWG   atmospheric water generator 

AWH   atmospheric water harvesting 

CCD    charge-coupled device 

CID    charge injection device 

CNT    carbon nanotube 

DI-water   deionized water 

DMSO   dimethyl sulfoxide 

DVS                dynamic vapor sorption 

EDS   energy-dispersive X-ray spectroscopy 

EF   evaporation efficiency 

FE-SEM   field emission scanning electron microscopy 

FF    filling factor 

GMT    Greenwich Mean Time 

GW               gigawatts 

HCS    hollow carbon sphere 

HF                hydrofluoric acid 

HRTEM  high-resolution transmission electron microscopy 

HVAC   heating, ventilation, and air conditioning 

ICP-OES   inductively coupled plasma optical emission spectrometry 

IR   infrared 



12 
 

KPS    potassium persulfate 

KSA                  Kingdom of Saudi Arabia 

LFA    laser flash apparatus 

MBAA   N, N’-methylenebis(acrylamide) 

MHG   modular humidity generator 

MHI   moist harvesting index 

MOF                           metal-organic frameworks 

MWCNT   multi-walled carbon nanotube 

NIR    near infrared 

PAM    polyacrylamide 

PDMS               polydimethylsiloxane 

PF    phenol formaldehyde resins 

PMMA   Poly(methyl methacrylate) 

POU   point-of-use 

PP   polypropylene 

PS    polystyrene 

PTFE    polytetrafluoroethylene 

PVD    physical vapor deposition 

PVDF               polyvinylidene fluoride 

QC    quality control 

rGO                   reduced graphene oxide 

RH   relative humidity 

rph   revolution per hour 



13 
 

RT    room temperature 

SAED    selected area electron diffraction 

SCD    segmented array charge couple device 

SEM               scanning electron microscopy 

SSA    selective solar absorber 

STA               simultaneous thermal analyzer 

TEM   transmission electron microscopy 

TEMED  N,N,N’,N’-tetramethylethylenediamine 

TGA    thermal gravimetric analysis 

TOC    total organic compound 

UNESCO   The United Nations Educational, Scientific and Cultural 

                                    Organization 

USGS               The United States Geological Survey 

UV    ultraviolet 

VAF               vacuum assisted filtration 

VOC   Volatile organic compounds 

WHO   The World Health Organization 

XPS    X-ray photoelectron spectroscopy 

XRD    X-ray diffraction 

  



14 
 

LIST OF ILLUSTRATIONS 

 

Figure 1-1. The histogram of world water composition. .................................................. 24 

Figure 1-2. Mapping of global water scarcity based on the type of water shortage. ........ 25 

Figure 1-3. Proportion of the population using improved drinking water sources in 2015. 

Note: Both “safely managed” and “basic” water service provide water from an improved 

water resource that is free from fecal and chemical contamination. However, safely 

managed water service provide water source that is located on premises, available at any 

time when in need. Basic water service provide collection time less than half an hour for 

a round trip and queuing. .................................................................................................. 28 

Figure 1-4. The map displays the incidents involved conflict and collaboration from 

1990-2008 over the shared river basins. The circles in the side bar compare about 2200 

events, including another 200 disputes over resources other than shared rivers.49 ........... 29 

Figure 1-5. Global average annual relative humidity (RH) map. ..................................... 31 

Figure 1-6. (a) Picture of the Achille Knapen aerial well build in Trans-en-Provence in 

France, 1930.55 (b) Patent scheme by Knapen on Sept. 29, 1928.63 The description on the 

patent is: “…an outer envelope 1 within which is a mass 2 of circular or angular section 

… a pipe 6 depends through the envelope 1 into a central opening 4 in the mass 2, from 

which opening passages 5 extend downwardly into the mass….The density of the outer 

portion of the mass is greater than that of the inner portion. The outer surface of the mass 

is provided with projections 7 of stone, state, glass, metal etc. Cool night air circulate in 

the direction shown by the arrows, cooling the mass and causing condensation of 

atmospheric moisture, which is led through a trough 8 to a reservoir.” .......................... 33 

Figure 1-7. (a) Slender leaves of trees. (b) Spider web. (c) and (d) Artificial fog collector 

deployed in Chile. (e) Basic mechanism of fog harvesting mesh.75 ................................. 34 

Figure 1-8. (a) Hydrophobic dorsal surface of Physaterna cribripes. (b) The picture of 

fog basking posture of Onymacris unguicularis. Fog water collected on the beetle’s 

dorsal surface and trickle down to its mouse.61 (c-1) Digital picture and (c-2) Fluorescent 

microscopic image of the biomimetic, artificial superhydrophobic/superhydrophilic 

hybrid surface. (d) Water collection process on different surfaces. From up to down: 

superhydrophilic surface, superhydrophobic surface, superhydrophobic surface with 500 

μm superhydrophilic patterns and 1000 μm separation, superhydrophobic surface with 

200 μm superhydrophilic patterns and 400 μm separation. (e) Moving of water droplets 

directed by the spindle-knot structure of spider silk.67 ..................................................... 36 

Figure 1-9. Map with locations marked that can be considered for fog harvesting 

process.76 ........................................................................................................................... 37 

Figure 1-10. Schematic of an active AWG configuration. Electricity-powered chiller 

creates a low-temperature surface on the evaporator. The temperature of the evaporator 

should be ≤ the dew point of the input air.99 ..................................................................... 39 

Figure 1-11. Global mapping of annually solar radiation in kWh/m2.106 ......................... 41 



15 
 

Figure 1-12. (a) Schematic of an ideal plasmonic absorber. (b) Deposition of 

nanoparticles onto the nanoporous templates. (c) Digital image of nanoporous template 

(left) and gold-deposited nanoporous template, the size of the disk is 1 inch.137 ............. 42 

Figure 1-13. (a) Schematic of SSA structure, including Antireflection coating (ACR1 and 

ACR2), cermet layer (cermet 1 and cermet 2), and metallic IR reflector (IR reflector) on a 

staleness steel substrate. (b) The near normal solar absorbance and total hemispherical 

emittance of the SSA with 300 nm tungsten IR reflector as a function of temperature.141

........................................................................................................................................... 43 

Figure 1-14. (a) Water sorption isotherms of MOF-801, MOF-841, UIO-66, and PIZOF-2 

at 25 oC. (b) Water sorption isotherm of MOF-801 at 25 and 65 oC. (c) conceptual design 

of MOF-based water harvesting system. (d) The structure of MOF-801. The yellow, 

orange and green spheres are three different pores. Black: carbon, Red: oxygen, blue 

polyhedral: Zirconium. (e) Digital photo of MOF-based AWG, including a layer of MOF 

as water vapor sorbent and condenser for water collection purpose. (f) Schematic of 

MOF-based AWG, under water sorption and water condensation conditions. (g) MOF 

temperature and chamber vapor pressure as functions of time during water harvesting 

cycle. (h) The experimental results of water-harvesting rate and cumulative harvested 

water during desorption process.96 .................................................................................... 45 

Figure 1-15. Flow diagram of the development of water vapor sorbents. ........................ 46 

Figure 1-16. The projects based on the selection of properly water vapor sorbent. ......... 49 

Figure 2-1. (a) SEM image of stacked Ti3C2 powder. (b) Ti3C2 MXene flakes after 

exfoliation. (c) HRTEM image of Ti3C2 MXene flake. (d) Selected area electron 

diffraction (SAED) pattern of the Ti3C2 MXene. ............................................................. 74 

Figure 2-2. (a) Schematic of the droplet-based system for light-to-heat conversion 

efficiency measurement. (b) Schematic of droplet with laser irradiation. (c) IR image of 

light-to-heat conversion efficiency test setup with laser on. (d) Schematic of optical path 

length calibration. ............................................................................................................. 75 

Figure 2-3. (a) UV-vis-NIR absorption spectrum of MXene and CNT water dispersion 

with a mass concentration of 0.1 mg/mL. (b) Temperature profile of the MXene 

dispersion droplet under two individual laser irradiation. Plots of ln[(Tt-T0)/(Tmax-T0)] vs. 

time (s), tested with (c) 473 and (d) 785 nm laser, respectively. The slopes were obtained 

by linear regression. .......................................................................................................... 77 

Figure 2-4. The temperature profile of the droplets with MXene and CNT concentration 

at 0.1 mg/mL under (a) visible white lasr and (b) visible+near infrared laser. ................. 83 

Figure 2-5. (a) Diffuse reflection spectrum of PVDF membrane, PDMS modified PVDF 

membrane and MXene membranes with different mass loading. Inset in (a) compares 

digital image of PVDF membrane and PVDF-MXene membrane. The mass loading of 

MXene on top of PVDF membrane was 10 mg. (b) Temperature time course of PDMS 

modified PVDF membrane and MXene-PVDF membrane in air under one sun 

illumination, insert (b) is IR photo of PDMS modified PVDF membrane and MXene, 



16 
 

respectively. Both batches were irradiated for 30 minute to achieve water steam 

generation equilibrium at one sun. (c) Temperature depth profile of PDMS-MXene-

PVDF membrane for photothermal based steam generation. In this measurement, a glass 

bottle was used to prevent shielding of IR irradiation. (d) Time-dependent water 

evaporation rate under one sun light irradiation by the MXene membranes with different 

MXene mass loadings. ...................................................................................................... 85 

Figure 2-6. Light-to-water evaporation efficiency of membranes with varied MXene mass 

loading............................................................................................................................... 87 

Figure 2-7. Time-dependent water evaporation rate und 1 kW/m2 sunlight irradiation by 

MXene-PVDF-PS membrane. .......................................................................................... 88 

Figure 3-1. The theoretical absorption heat Qst for an appropriate water vapor sorbent 

calculated from the classic Clausius-Clapeyron equation. The assumed water release 

temperature is (a) 70 oC, (b) 75 oC, (c) 80 oC, and (d) 85 oC. The humidity is ranged 

between RH 1-25%. ........................................................................................................ 102 

Figure 3-2. The weight change of the (a) physical stable salts and (b) deliquesced salts 

during the hydration and oven dehydration process. ...................................................... 104 

Figure 3-3. Digital photos of the 14 salts after 24 hours hydration step in the humidity of 

RH 60% at 22 oC. ............................................................................................................ 105 

Figure 3-4. XRD pattern of (a) copper chloride, (b) copper sulfate, and (c) magnesium 

sulfate before and after the cycling test. ......................................................................... 106 

Figure 3-5. TGA curve of (a) copper chloride, (b) copper sulfate, and (c) magnesium 

sulfate. ............................................................................................................................. 107 

Figure 3-6. Water vapor sorption curves of (a, b) CuCl2, (c, d) CuSO4, and (e, f) MgSO4 

in dynamic and static RH modes, respectively. .............................................................. 108 

Figure 3-7. Schematic of the fabrication process of water collection disk. Step 1-4 

corresponded to the silica fibrous filter substrate, substrate immersion by saturated salt 

solution, oven drying to remove water, and CNT coating, respectively. The dashed 

rectangles displays the close-up view of the highlight section in each step. .................. 111 

Figure 3-8. (a) and (b) top view SEM image of CuCl2 water collection disk with and 

without CNT photothermal coating layer, indicates its highly porous structure. (c) 

Elemental mapping of CuCl2 water collection disk showing a homogeneous distribution 

of the salt in fibrous silica filter. (d) Cross-sectional image of the CuCl2 water collection 

disk, exhibiting its bi-layered structure. .......................................................................... 111 

Figure 3-9. UV-vis-NIR spectra of the salt-loaded water collection disks before and after 

CNT photothermal layer coating. (a) CuCl2, (b) CuSO4, and (c) MgSO4. The insets digital 

photos are the water collection disks with or without CNT photothermal layer. ........... 112 

Figure 3-10. Temperature profile under one sun irradiation for (a) CuCl2, (b) CuSO4, and 

(c) MgSO4 water collection disk with/without the CNT photothermal layer. (d)-(f) are the 

IR image of the referred disks with/without CNT coating at the equilibrium temperature. 



17 
 

The blue dots and the red dots mark the positions of the lowest and highest temperature in 

the IR image within the circle region. ............................................................................. 114 

Figure 3-11. (a) Digital photo of the test set up, with paperboard shelter. (b) Time course 

of the temperature profile of the disks during solar-enabled water released with a 

paperboard shelter. (c) Weight change profile of the bilayer disks as a function of time 

under one sun irradiation. ............................................................................................... 115 

Figure 3-12. (a) Temperature profiles of the water collection devices under sunlight 

irradiation of different strength. (b)-(d) Photothermal induced water release of CuCl2, 

CuSO4, and MgSO4 based water collection disk, respectively. ...................................... 118 

Figure 3-13. Stability test of (a) CuCl2, (b) CuSO4, and (c) MgSO4 water collection disk. 

The water release section was conducted by sunlight irradiation for 1.5 h, while the water 

absorption section was conducted by turn off the light and expose the disk to the 

atmosphere for 5 h (CuCl2, CuSO4) or 8.5 h (MgSO4). .................................................. 119 

Figure 3-14. (a) Reflectance curve of hydrated and anhydrate CuCl2 water collection disk. 

(b) Digital photo of the hydrated and anhydrate CuCl2 water collection disk. ............... 120 

Figure 3-15. (a) Schematic of water collection device. (b) Digital image of the collected 

condensed liquid water. .................................................................................................. 121 

Figure 4-1. Conceptual design of the hybrid hydrogel as AWG. Water vapor can be 

sorbed at nighttime, and released during daytime under assistance of sunlight. The 

flexible property of hydrogel substrate ensures the unsuppressed water vapor sorption 

capacity. .......................................................................................................................... 136 

Figure 4-2. Schematic of PAM-CNT-CaCl2 hydrogel synthesis process. ...................... 137 

Figure 4-3. UV-vis-NIR spectra of (a) water and (b) PAM-CNT hydrogels with varying 

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

different CNT loading amount. SEM images: (c, d) PAM and (e, f) PAM-CNT. ......... 139 

Figure 4-4. Digital photos of pre-dried PAM-CNT hydrogels immersed in CaCl2 

solutions with different salt concentrations. ................................................................... 140 

Figure 4-5. (a) The saturation water content of PAM-CNT-CaCl2 hydrogel with varied 

CaCl2 loading at RH 35% and RH 60%. The weight gain (%) is relative to the dry weight 

before the sorption. (b) are the digital photos of CaCl2 (b-1) before and (b-2, b-3) water 

vapor sorption. (c) are the digital photos of PAM-CNT-CaCl2 hydrogel (c-1) before and 

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

a plastic tube indicating its flexible and stable structure. ............................................... 141 

Figure 4-6. (a) Strain-stress curve of PAM-CaCl2 hydrogel. The dimension of the sample 

between the two clamps used for stretching was 7.8×2.1×20 mm3. (b) Strain-stress curves 

of PAM-CNT-CaCl2 hydrogel. The dimension was 7.5×2.0×20 mm3, both samples had 

the same water content (41 wt%), and both tests were carried out at a stretching speed of 

200 mm/min. The original length between two clamps were 20 mm for both samples. 142 

Figure 4-7. Water vapor sorption curves of (a) (b) PAM hydrogel and (c) (d) PAM-CNT 

hydrogel. ......................................................................................................................... 143 



18 
 

Figure 4-8. Water vapor sorption curves of (a-c) CaCl2, (d-f) PAM-CaCl2, and (g-i) 

PAM-CNT-CaCl2. (a, d, g) Dynamic curves, (b, e, h) static curves, and (c, f, i) derivative 

weight change curves. The weight change in percentage (%) is relative to the dry sample 

weight before the sorption. ............................................................................................. 145 

Figure 4-9. XRD pattern of deliquescent CaCl2 salt dried in 80 oC box oven, indicating 

the primary dried components are the mixture of CaCl2·2H2O and CaCl2·4H2O........... 147 

Figure 4-10. Time course of temperature and weight change of (a) PAM-CaCl2, (b) 

PAM-CNT-CaCl2 under 1 kW/m2 simulated sunlight irradiation. (c) Temperature and (d) 

weight change profiles of PAM-CNT-CaCl2 irradiated under varied sunlight strength. (e) 

IR image of PAM-CaCl2 under 1 kW/m2 sunlight irradiation, PAM-CNT-CaCl2 under 

0.6, 0.8, and 1.0 kW/m2 irradiation, respectively. (f) Stability test of PAM-CNT-CaCl2. 

Blue shading highlights the first sorption-and-release-cycle, and residual weight in 

percentage (%) is a relative value to the total amount of the water sorbed by the hydrogel 

during 36 h saturation. .................................................................................................... 150 

Figure 4-11. (a) Schematic and (b) digital photo of the water collection device based on 

PAM-CNT-CaCl2 hydrogel. (c, d) Dimension illustration of PAM-CNT-CaCl2 hydrogel 

used in this work. (e) Condensed water on the sidewall of the box during water collection 

process. (f) Digital image of the hydrogel after water release process. (g) Photo of water 

collected from (f). (h) Weather data during the period of the field test. The sunlight-

assisted work was conduct on April 29, 2018, at KAUST, Thuwal, KSA. .................... 154 

Figure 4-12. (a) Schematic of AWG prototype based on PAM-CNT-CaCl2 hydrogel. (b) 

Digital image of water collection device and water condensate on the surface of the 

copper sidewall after the test was conducted for 10 min (b1) and 60 min (b2). ............. 158 

Figure 5-1. Schematic of HCS-LiCl nano sorbent fabrication process. Step 1: Coating of 

PF layer on the surface of PS hard template. Step 2: Pyrolysis of PS@PF to obtain HCS. 

Step 3: LiCl infiltration. Step 4: Embedment of nano sorbent to the fibrous silica 

substrate. ......................................................................................................................... 177 

Figure 5-2.  Schematics of LiCl infiltration process. (a) Air pocket inside the HCS 

capsule blocked the infiltration process. (b) Under vacuum condition, the encapsulated air 

was pumped out and LiCl ethanol solution infiltrated into the HCS. ............................. 178 

Figure 5-3. SEM image of HCS-LiCl loaded on the fibrous silica filter substrate. ........ 179 

Figure 5-4. (a)-(d) TEM images of (a) PS, (b) PS@PF, (c) HCS, and (d) HCS-LiCl, 

respectively. SAED patterns of (e) HCS and (f) HCS-LiCl. (g) The HRTEM image of 

HCS. SEM images of (h) HCS and (i) HCS-LiCl. (j)-(l) SEM-EDS mapping of HCS-

LiCl. ................................................................................................................................ 180 

Figure 5-5. (a) UV-vis-NIR spectra of HCS loaded on the fibrous silica filter. (b) XPS 

survey spectrum of HCS. (c) XPS spectra of C 1s. (d) Pore size distribution of HCS. Inset 

is the distribution pattern in the range of 0-30 nm. ......................................................... 182 

Figure 5-6. The measured absorbance of HCS loaded on the fibrous silica filter. The red 

line displays the AM 1.5 solar spectrum (ASTM G173-03 reference spectra derived from 



19 
 

SMARTS v. 2.9.2). The yellow area represents the absorbed spectrum by the 

HCS@SiO2. The relative light absorption rate for the sample to sunlight is calculated to 

be 94.47%. ...................................................................................................................... 183 

Figure 5-7. The shape of a LiCl water solution droplet on the HCS-LiCl@SiO2 with the 

contact angle of 137.5o. The LiCl water solution droplet was prepared by putting 500 mg 

of LiCl salt into a closed chamber with a constantly RH of 100% for 24 hours. The 

volume of droplet shown in this figure is 4 μL. .............................................................. 183 

Figure 5-8. Nitrogen sorption isotherm of HCS. ............................................................ 184 

Figure 5-9 (a)-(c) Static RH tests of LiCl, HCS, and HCS-LiCl under different RH 

conditions. The blue dash line indicates the start point of water vapor sorption process 

while the red dash line indicates the end of the absorption section and the beginning of 

the desorption section.  (d)-(f) Derivative weight changes of LiCl, HCS, and HCS-LiCl 

under different static RH conditions. .............................................................................. 185 

Figure 5-10 Schematic of the HCS dimension. .............................................................. 187 

Figure 5-11  Full-range curve of derivative weight change of (a) LiCl, (b) HCS, and (c) 

HCS-LiCl, respectively. .................................................................................................. 189 

Figure 5-12 The zoom-in plot of water vapor absorption section of (a) LiCl, (b) HCS, and 

(c) HCS-LiCl. The blue dash line indicates the beginning of the sorption process. ....... 189 

Figure 5-13 Schematic for the calculation of interparticle space. .................................. 190 

Figure 5-14.  Schematics of sorption/desorption behaviors of (a) nano sorbent and (b) 

bulk-phased sorbent. The pore space among the individual nano sorbents provides water 

vapor channel and thus leads to a fast water sorption/desorption kinetics. For the bulk-

phased sorbent such as hydrogel, water vapor has to penetrate the pre-formed water film 

and slowly diffuse into the inner part of the sorbent, thus leading to a suppressed 

sorption/desorption kinetics. ........................................................................................... 191 

Figure 5-15. (a) Water absorption isotherms of HCS-LiCl in g g-1 (g of water per g of 

sorbent) at the temperature of 25 oC and 35 oC. (b) The absorption/desorption behavior of 

HCS-LiCl obtained by an STA-MHG system. Each cycle consisted of a water vapor 

sorption section (3.5 h, 80% RH, 25 oC) and water release section (1.5 h, 10% RH, 80 
oC). .................................................................................................................................. 193 

Figure 5-16. (a) SEM image of HCS-LiCl after the cycling test. There is no sign of defect 

and LiCl leakage. (b) SEM image of HCS-LiCl after 48-hour RH 100% test, the white 

dots on the surface of HCS indicates a slight LiCl leakage. ........................................... 194 

Figure 5-17. (a) Weight change vs. temperature profile of HCS-LiCl loaded on the 

fibrous silica filter. (b) Stability test of the nano sorbent. The red dash line indicates 1 

sorption/desorption cycle. The Y-axis indicates the water sorbed by the nano sorbent. The 

sunlight strength was 1 kW/m2. (c) Temperature and (d) weight change profiles of 

saturated HCS-LiCl@SiO2 under varied light strength. ................................................. 195 

Figure 5-18.  IR image of HCS-LiCl loaded on the fibrous silica filter after the light was 

turned on at t=0, 10, 30, and 60 min, respectively. ......................................................... 197 



20 
 

Figure 5-19. (a) Schematic of batch-processed AWH device. Left: Water vapor sorption 

mode, plastic wrap was removed and the sorbent was sheltered from sunlight irradiation. 

Right: Desorption and water-production mode, plastic wrap covered the container. (b) 

Digital photos of batch-process based AWH device in water-production mode (b-1), 

water vapor sorption mode (b-2), water collected in batch 1-3 (b-3) (red dash line 

indicates water level), and accumulated water collected for all three batches (b-4). (c) 

Weather data of March 21, 2019..................................................................................... 199 

Figure 5-20. The UV-vis-NIR transmittance/reflectance spectrum of the plastic film used 

in the field test. ................................................................................................................ 200 

Figure 5-21. (a) Schematic of cross sectional view of the sorption-based continuous 

AWG prototype. (b)-(d) Digital photo of final assembled AWG device, AWG device in 

operation, and water condensed on the side wall of the condensation chamber, 

respectively. (e) Cumulative water production yield of AWG device under varied 

cylinder rotation rate. (f) IR image of water vapor sorbent exposed to the sunlight under 

varied cylinder rotation rate. (g) Temperature profile of water vapor sorbent exposed to 

the sunlight under varied cylinder rotation rate. The simulated sunlight strength in this 

test was1 kW/m2. ............................................................................................................ 207 

Figure 5-22. (a) Detailed assembly and (b) schematic of sorption-based continuous AWG 

device. ............................................................................................................................. 208 

Figure 5-23. Parameters of rotational cylinder. .............................................................. 209 

Figure 6-1. (a) IR images of PAM-CaCl2 (left) and PAM-CNT-CaCl2 hydrogel (right). 

The comparison indicates a lower emissivity of PAM-CaCl2 hydrogel. Both hydrogels 

were pre-stabilized under the same conditions for 1 hour. (b) and (c) IR images of PV 

panel with and without hydrogel attached, respectively. ................................................ 224 

Figure 6-2. Schematic of PAM-CNT-CaCl2 cooling layer synthesis process (step 1 and 2) 

and two PV panel working modes (step 3). .................................................................... 225 

Figure 6-3. (a) SEM image and (b) magnified SEM image of freeze-dried PAM-CNT 

hydrogel. (c) Digital photo of PAM-CNT-CaCl2 hydrogel, which was cut into a squared 

shape by knife. (d) Digital photos of the hydrogel cooling layer attached to the backside 

of the commercial PV panel. (e)-(g) Water vapor sorption properties of PAM-CNT-CaCl2 

hydrogel under different RH conditions at 25ºC. ........................................................... 227 

Figure 6-4. Temperature profile of the PV panel with/without AWH cooling layer under 

(a) 0.8 kW/m2, (b) 1.0 kW/m2, and (c) 1.2 kW/m2, (d) weight loss profile of the hydrogel 

during the test. The original weight of hydrogel was 11.0 g. ......................................... 229 

Figure 6-5. I-V curves of PV panel (a) with and (b) without hydrogel cooling layer. (c) 

Voc, (d) FF, (e) efficiency, and (f) Pmax of PV panel with and without the hydrogel cooling 

layer under 0.8 kW/m2 sunlight irradiation..................................................................... 230 

Figure 6-6. (a) I-V curve of PV panel with hydrogel cooling layer attached. (b) IV curve 

of PV panel without hydrogel cooling layer. (c)-(f) Comparison of Voc, FF, efficiency, 

and Pmax, respectively. The light strength is 1.0 kW/m2. ................................................ 230 



21 
 

Figure 6-7. (a) I-V curve of PV panel with hydrogel cooling layer attached. (b) IV curve 

of PV panel without hydrogel cooling layer. (c)-(f) Comparison of Voc, FF, efficiency, 

and Pmax, respectively. The light strength is 1.0 kW/m2. ................................................ 231 

Figure 6-8. Parallel comparison of (a) Voc, (b) FF, (c) efficiency, and (d) Pmax, under light 

intensity of 0.8, 1.0, and 1.2 kW/m2, respectively. ......................................................... 233 

Figure 6-9. (a) Actual sunlight strength during a day (data obtained from NOAA) and 

simulated sunlight strength during the experiment. (b) Voc and (c) Pmax of PV panel 

with/without hydrogel cooling layer under simulated daylight. ..................................... 235 

Figure 6-10. (a) Schematic and digital photo of test setup for PV panel cooling and water 

collection. The components with the colored dots in the digital photo indicate the 

corresponding sections in the scheme with the same color. (b) The temperature profile of 

the PV panel top surface. Comparison of efficiency (c) and Pmax (d). ............................ 237 

 

 

 

 

 

 

 

 

 

 

 

 



22 
 

LIST OF TABLES 

 

Table 2-1. Calculation results of light-to-heat conversion efficiency ............................... 80 

Table 2-2. Light-to-water Evaporation efficiency of different test. .................................. 87 

Table 3-1 Hydrous/anhydrous salt couples screened in this work .................................. 103 

Table 3-2. Available water of anhydrous salts and the referred water collection disk. .. 117 

Table 4-1. Water sorbent capacity. ................................................................................. 149 

Table 4-2. Calculation of the MHI. ................................................................................. 157 

Table 4-3. Raw material cost of the device fabrication to supply minimum daily water for 

an adult ............................................................................................................................ 160 

Table 5-1. Water quality analysis of water production from the outdoor experiment .... 204 

Table 5-2. Calculated sorbent exposure time based on the rotation rate of center rotational 

cylinder. .......................................................................................................................... 210 

Table 5-3. The detailed water harvesting rate in the varied test conditions. .................. 211 

Table 6-1. Parameters of simulated daylight test ............................................................ 223 

 

 

 

 

 

 

 

 

 

 

 



23 
 

1. Chapter 1. Introduction 
 

1.1 Global water shortage and water-energy nexus. 

 

Freshwater is critical for sustaining life and livelihoods of the terrestrial organisms on 

Earth. However, freshwater accounts for only 2.5% for 1,386,000,000 cubic kilometers 

(km3) of all types of water preserved on, in and above Earth.1-2 Moreover, two-thirds of 

the freshwater is unavailable for human consumption as it is preserved as ice phase in ice 

caps, glaciers, and permanent snow (Table 1-1). This leads to only 0.76% water on Earth 

available and accessible for human activities.3  

With the rapid population growth, fast industrialization and modernization of the 

developing countries, fresh water scarcity has gradually become a regional, national and 

global issue.4-9 It has been predicted that the growing industrial and domestic water 

demand alone will push the global water demand to be increasing at an annual rate of 

1%.10  Meanwhile, to minimize the food stress led by the fast growing population, 

agricultural water demand will remain the most intensive user for water resources soon.11-

13 Furthermore, climate change leads to the long-term drought on the ground while 

increases the humidity in the ambient air;14-19 water pollution reduces the amount of 

available water resources.20-21  

Due to geographic and climate influence, water resources are not equally distributed 

across the globe.22 It is estimated that 3.6 billion people are facing the water scarcity and 

this number will reach up to 4.8-5.7 billion by the year 2050. Therefore, it is foreseeable 

that fresh water scarcity will persist, if not worsen, in the years to come.6  
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Figure 1-1. The histogram of world water composition.  

Based on the accessibility of water resources in water-scarce region, fresh water scarcity 

can be simply divided into two groups: physical water scarcity and economic water 

scarcity (Figure 1-2). Physical water scarcity occurs when and where there is insufficient 

water to meet the demands of human and of ecosystems to function properly. Arid and 

semi regions frequently suffer from physical water scarcity. It also occurs where water 

seems abundant but resources are over-committed, such as overdevelopment of hydraulic 

infrastructure. Long-distance freshwater transportation is not uncommon in some of these 

places.23   

Economic water scarcity, on the other hand, defines situations where demand for water is 

not satisfied because of a lack of investment in water or a lack of human capacity to 

satisfy demand.23 The large part of Mid-Africa, part of south Asia, and part of South 

America, fall into this category.  
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Figure 1-2. Mapping of global water scarcity based on the type of water shortage. 

1.2 Supply clean water in a broad scenario: a cheaper and easier approach is 

needed in the near future. 

 

1.2.1. Physical water shortage regions 

 

In the physical water shortage regions, the population is mainly concentrated within 

major cities, while other parts of the regions usually has a low population density.24-25 In 

wealthy economies with access to seawater, such as Saudi Arabia, UAE, Israel, energy-

intensive seawater desalination technologies are practiced to supply freshwater to major 

cities as centralized water supply systems.26-28 

The seawater desalination process offers a steady supply of fresh water with seemingly 

unlimited water resources.29 The global seawater desalination capacity has reached up to 

86.55 million m3 per day in the year of 2015, with Middle East region representing 44 % 

of it.30 Saudi Arabia alone produces 20% of the world’s desalinated water.31 
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Undoubtedly, the development of water desalination technology significantly reliefs the 

water stress in physical water scarcity regions. However, the seawater desalination is at 

the high end of the energy intensity scale with the energy consumption of 2.58-8.5 

kWh/m3 for reverse osmosis process and ~16 kWh/m3 for thermal based desalination 

process.32-34  

Moreover, the desalination’s barrier-of-entry is high. Despite of the intensified energy 

consumption, the investment for a plant-scale desaltination facilites will cost millions or 

even billions of USD (known as direct cost). Meanwhile, the currently used desalination 

technologies usually involves complicated process, the indirect investment cost is also 

high (known as indirect cost), which is estimated to be ~40% of the direct cost.32 Thus, 

for the economic water shortage regions, the unsatisfactory econimic  condition can 

barely afford such technoloies to supply local fresh water demand.  

1.2.2. Economical water shortage regions. 

 

Nearly half of the world’s population is living on less than $5.5 per day.35 Up till August 

2019, more than 590 million people are living below the extreme poverty line (i.e. $1.9 

per day).36 The vulnerable economic conditions can hardly support even the basic fresh 

water supplementary requirements. In 2012, a survey conducted by WHO and UNICEF 

has pointed out that in rural sub-Saharan Africa, women and girls are always responsible 

and often spent at least half an hour for collecting water. In some occasion where 

multiple trips are necessary; time consumed for water collection can be as high as 2 to 4 

hours a day.37-38 Due to the lack of proper water supply facilities, significant proportions 

of the population in sub-Saharan Africa are still using un-treated surface water. Similar 
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issue also can be observed in landlocked developing countries, least developed countries, 

and small island developing states.39-40 (Figure 1-2 and Figure 1-3).    

The term “landlocked” can be defined as the regions or the communities that are entirely 

enclosed by land or closed oceans.41 For the continent-enclosed communities, the 

important ocean resources and seaborne communications/trade might be cut off.42  For 

the ocean-enclosed regions, on the one hand, these territory usually in lack of sufficient 

raw materials/mineral resources. One the other hand, the ocean blocked the access to the 

communications between other cultures.43-44 Thereby, these historical issues lead to the 

landlocked communities less-developed than the rest of the world. Small communities 

located in the remote and landlocked regions are often physically and socially isolated. 

Thus, water supplements in these communities are always disordered and even vacated.45-

46  
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Figure 1-3. Proportion of the population using improved drinking water sources in 2015. 

Note: Both “safely managed” and “basic” water service provide water from an improved 

water resource that is free from fecal and chemical contamination. However, safely 

managed water service provide water source that is located on premises, available at any 

time when in need. Basic water service provide collection time less than half an hour for 

a round trip and queuing.  

In the regions, waterborne disease and regional conflicts are the other two water-related 

major challenges against the basic human rights in these communities. According to 

WHO report, waterborne disease can cause 4.0% of all death and 5.7% of all ill health or 

disability in the world due to lack of proper clean water access.47 Besides, in the history 

of humanity, water resource plays an important role in regional conflicts. Due to the 

important of water resource, it can be either treated as military/political tool or military 
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target. More than 600 critical water-related conflicts could be tracked in the record 

through human history. Even at present stage, water is still an unstable factor that may 

trigger a regional conflict all over the world (Figure 1-4).48-49  

Thereby, an affordable and easily accessible water supply is critical to improve people’s 

livelihood and maintain regional stability in these water-stressed regions. A cheap and 

easily accessible approach (point-of-use or distributed water supply system) could be a 

good option as the requirement of water production capacity is relatively lower due to 

their low-population density.    

 

Figure 1-4. The map displays the incidents involved conflict and collaboration from 

1990-2008 over the shared river basins. The circles in the side bar compare about 2200 

events, including another 200 disputes over resources other than shared rivers.49  
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The United Nations has highlighted the importance of clean water supply in 

impoverished regions of the world.37, 50 Small-scaled decentralized water production sites 

are in critical need especially in the regions with unsatisfied economic situation and little 

access to the traditional water resources such as surface water, ground water, and 

seawater.51 In a conventional situation, bottled water and long-distance water 

transportation are the major solutions to the concerned regions/communities.52-53 

However, the primary drawback is the unsatisfied capacity/sustainability of long distance 

water transportation and the high cost. Besides, other technics such as water desalination 

are uneconomical for small-scale applications, especially with limited feed water 

resources. Thereby, an alternative should be considered.  

1.3 Atmospheric water and humidity distribution 

 

There are 12,900 billion tons of water preserved in the ambient air all over the world, 

known as atmospheric water.3, 54 Driven by the hydrological cycle on Earth, atmospheric 

water is broadly distributed globally with fast replenishment. Thus, there are plenty of 

water existing in the air even in an arid desert. Atmospheric water can be divided into 

two groups based on water phases: (1) suspended liquid water droplets or solid water 

crystals as clouds and fogs and (2) water vapor.55 Given the fact that atmospheric water is 

introduced by evaporation process, the atmospheric water can be considered pre-distilled 

clean water and has high purity. In addition, it is replenished by large-scale hydrological 

cycles.56  

In the communities where conventional bulk-phased water resources (i.e. surface water, 

ground water, and seawater) are scarce or the economic condition is poor, peoples are 
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always struggling for the minimum amount of water to sustain their life. Fortunately, 

even in the Sahara desert region, the annually averaged humidity is higher than 20%. 

Moreover, in the communities where people are mainly facing the economic water 

shortage, such as south-and mid-Africa, the annual averaged humidity is even higher than 

50% (Figure 1-5).23, 57 Thus, atmospheric water is a reliable alternative water resource to 

provide water in these regions.  

 

Figure 1-5. Global average annual relative humidity (RH) map.  

1.4 Conventional atmospheric water harvesting (AWH) technologies, 

mechanism, and devices. 

 

Due to the easy accessibility of atmospheric water and its fast replenishment property, 

AWH process shows a great potential in establishing the decentralized water supply 

system, providing clean water for communities in landlocked/remote regions, and 

supplying potable water in case of emergencies.58 The observation of atmospheric water 
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harvesting phenomenon in nature can be traced back to 1727 A.D.59 A study was 

conducted by Hales on the absorbing of airborne moisture by plants. In 1905, Lloyd 

investigated how structures and surface properties would influence the moisture 

absorption performance of plants.60 In 2010, Norgaard et al. found that the Namib desert 

darkling beetles could bask fog and collect atmospheric water to sustain their life.61 

Based on the physical form of atmospheric water (i.e. liquid droplet and vapor), the 

harvesting methods/setups could be varied. In the early stage, the collection of 

atmospheric water is mainly achieved by manmade constructions known as aerial water 

well. Stone, concrete, brick and trees were the extensively used materials.60 In fact, these 

constructions can harvest not only droplet-phased water but also the vapor-phased one. 

Figure 1-6 shows an example of aerial water well built in 1930s.62 The harvesting of 

atmospheric water is mainly achieved by condensation in this example. However, the 

performance is not satisfactory.  
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Figure 1-6. (a) Picture of the Achille Knapen aerial well build in Trans-en-Provence in 

France, 1930.55 (b) Patent scheme by Knapen on Sept. 29, 1928.63 The description on the 

patent is: “…an outer envelope 1 within which is a mass 2 of circular or angular section 

… a pipe 6 depends through the envelope 1 into a central opening 4 in the mass 2, from 

which opening passages 5 extend downwardly into the mass….The density of the outer 

portion of the mass is greater than that of the inner portion. The outer surface of the mass 

is provided with projections 7 of stone, state, glass, metal etc. Cool night air circulate in 

the direction shown by the arrows, cooling the mass and causing condensation of 

atmospheric moisture, which is led through a trough 8 to a reservoir.”  

The modern atmospheric water harvesting device, defined as atmospheric water generator 

(AWG), has been investigated and developed during past several decades.58 With the 

advancement of a deeper understanding on the mechanism of AWH process, modern 

AWG is rationally designed to meet the specific working conditions and produce clean 

water with higher efficiency. Technically speaking, rain consists of the water droplets 

with dimension of 0.5-5 mm with enough weight to drop down to the ground by gravity. 

Thereby, the collection of fresh water from rain is the most simple process among all 

AWH processes, but it is out of the scope of this dissertation and thus will not be 

discussed in this dissertation.     

1.4.1 Fog/cloud harvesting (Droplet phased water harvesting). 

 

Fog and cloud are the pre-formed tiny water droplets (i.e. typically the diameter is ~1-40 

μm) floating in the air.58 There are several fog harvesting phenomenon in nature, such as 

tree leaves, spider web, etc.64-71 (Figure 1-7 a and b). The modern fog/cloud harvesting 
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technics have been largely developed during past several decades.72 The conventional fog 

harvesting systems is mainly composed of a mesh placed perpendicularly to the 

incoming-foggy wind. Water droplets carried by the wind flow collide with the mesh 

fiber and are trapped. The trapped water droplets grow and fall down to the collector 

driven by gravity (Figure 1-7 c-e).73-75 Several pilot-scaled fog harvesting systems have 

been established worldwide since 1956, such as Northern America, coast  of Africa, 

Middle East, etc.76-80 However, these conventional fog harvesting setups are facing the 

same problem: the collection efficiency.  

 

Figure 1-7. (a) Slender leaves of trees. (b) Spider web. (c) and (d) Artificial fog collector 

deployed in Chile. (e) Basic mechanism of fog harvesting mesh.75 

The collection efficiency can be affected by either material properties or system 

structures.81 In natural world, many biological surfaces/structures possess unusual 

properties, thereby allowing these surfaces to effectively harvest water from fog. In 1976, 
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William J. Hamilton III observed and reported fog basking phenomenon by Namib 

Desert beetle.82 In 2010, Thomas Norgaard investigated the fog-basking behavior and 

water collection efficiency of Namib Desert Darkling beetles, and pointed out that the 

hydrophobic/hydrophilic hybrid structures of the beetles largely enhanced the water 

collection efficiency.61 Following this observation, the biomimetic fog harvesting 

surfaces with hybrid wetting behaviors were invented.83-85 For example in 2015, a 

superhydrophobic surface with hydrophilic micro-sized patterns was prepared through 

ink jet printing. They also investigated the collection efficiency of the hybrid surface, and 

pointed out that the hydrophilic pattern provides condensation site while the 

superhydrophobic surface avoids adhesion of the formed water droplet (Figure 1-8 c and 

d).69 Jiang et al reported another research based on the spider silk. The spider silk 

contains two different structure, spindle-knots and joints. The spindle-knots have a larger 

silk-axial roughness than joints. The surface anisotropy leads to a surface energy 

gradient; the joint structure shows a lower surface energy than that of spindle-knots.  A 

Laplace pressure difference is built up from high-curvature region to the low-curvature 

region (i.e. joint to spindle-knot). These properties provide the driving force of droplets 

movement from the joint to spindle-knot. An artificial fiber was successfully developed, 

which may lead to a better performance in fog collection devices (Figure 1-8 e).67  
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Figure 1-8. (a) Hydrophobic dorsal surface of Physaterna cribripes. (b) The picture of 

fog basking posture of Onymacris unguicularis. Fog water collected on the beetle’s 

dorsal surface and trickle down to its mouse.61 (c-1) Digital picture and (c-2) Fluorescent 

microscopic image of the biomimetic, artificial superhydrophobic/superhydrophilic 

hybrid surface. (d) Water collection process on different surfaces. From up to down: 

superhydrophilic surface, superhydrophobic surface, superhydrophobic surface with 500 

μm superhydrophilic patterns and 1000 μm separation, superhydrophobic surface with 

200 μm superhydrophilic patterns and 400 μm separation. (e) Moving of water droplets 

directed by the spindle-knot structure of spider silk.67   

The major limitation of fog harvesting technology is the constantly high humidity (i.e. 

~RH 100%) required for fog formation. Only limited places have been proved or 

evaluated to be feasible for practical fog harvesting process.22 Figure 1-9 shows the 

locations considered as suitable fog harvesting sites all over the world. As can be seen, 
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most of the sites are located in the coastal region where high humidity can be preserved 

by hydrological circulation from ocean. Unfortunately, for most of the inland regions 

where fog harvesting is really necessary, this technology is infeasible due to unsatisfied 

climate condition. Thereby, harvesting vapor phased atmospheric water is more 

meaningful for supplying clean water for remote and landlocked regions.  

 

Figure 1-9. Map with locations marked that can be considered for fog harvesting 

process.76  

1.4.2 Vapor-phased atmospheric water harvesting 

 

Vapor-phased atmospheric water harvesting provides another approach towards clean 

water production from the air with better feasibility. Driven by unexhausted solar energy, 

water vapor is widely distributed and almost exists in any corner of the world. Unlike 

fog/cloud harvesting, constantly high RH is not a critical factor for the feasibility. The 

concentration of water vapor in a specific region is mainly determined by its geographic 

and climatic conditions.86 Most importantly, there is always plenty of water vapor 

preserved in the air on Earth, which is promptly refreshed by atmospheric circulation. In 
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arid and semi-arid regions such as Sahara desert in North Africa, the averaged humidity 

can be as high as 25% yearly-around.57  

The conceptual design of vapor-phased AWG can be classified into two groups: (1) 

AWG that consumes secondary energy (i.e., electricity) such as electricity-powered 

condenser/chiller.87-90 (2) AWG that utilize primary energy (i.e., solar energy, wind 

energy, etc.) such as the radiative cooling-based condenser, solar-powered sorption 

chiller, solar-powered sorption-condensation harvester and wind-powered water well, 

etc.91-98 The AWG that utilize electricity-powered condenser/chiller for atmospheric 

water harvesting is also known as active AWG. Water production yield can be enhanced 

by using extra energy inputs. Figure 1-10 demonstrates the schematic of an active AWG 

workflow.99 The low temperature of the evaporator is created and maintained by the 

electricity-powered chiller. The humid air pass through the evaporator and the water 

vapor condenses on the evaporator sidewall. The dried air is ventilated out and the 

condensed water is collected and post-treated before use. The advantage of active AWG 

is that it can produce water at a relevantly higher efficiency. However, there are still 

some drawbacks that may limit its application scenario. (1) The configuration of the 

active AWG is usually complicated as it contains several different components such as 

chiller, condenser, filter, etc.  (2) Additional energy input (i.e., electricity) is essential. 

Thereby, this type of device may not be feasible for the landlocked or remote regions, 

islands, communities where electricity is not accessible. (3) Photovoltaic (PV) technology 

may provide some solutions for electricity shortage. However, it is still far below the 

requirements in the arid or semi-arid regions: low ambient humidity (i.e., lower than 

60%) will lead to intensive energy consumption. It is estimated that the refrigeration-
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based AWG (i.e. condense water through electricity-powered chiller) consumes 

electricity as high as ~1000 kWh for each cubic meter water produced in the climate 

conditions of RH 62%, 30 oC and ~5000 kWh per cubic meter water production when the 

humidity drops to 20%.100 In the desert regions where the humidity in the day time is 

~10%, for each 3 liter of water (i.e. minimum water requirement for an adult within one 

day) production, around one million liters of air is required. Thus, the practical 

implementation of active AWG is infeasible in such climate conditions.89  

 

Figure 1-10. Schematic of an active AWG configuration. Electricity-powered chiller 

creates a low-temperature surface on the evaporator. The temperature of the evaporator 

should be ≤ the dew point of the input air.99  

AWGs that take advantage of primary energy have been investigated. Radiative cooling 

is one of the passive cooling technology that cools without any electricity consumption.91 

The atmosphere is transparent to the infrared wave within a wavelength ranged between 

8-13 μm.101 The strategy of radiative cooling is to utilize this transparent window 

effectively and radiate heat to the outer space. The cold surface for the condensation of 

water vapor in the ambient air is established with a radiative cooler/condenser. The 

feasibility of radiative cooling-based AWG has been proved during past two decades. A 
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quantity of 0.8 kg/m2 per day has been achieved by this technology.102 However, the 

intrinsic properties of the radiative cooling material should be considered and both 

weather/climate condition and material property would influence its cooling efficiency 

and thus lead to an unsatisfied water production yield. Thereby, it is highly necessary to 

develop an AWH technology that satisfies energy saving aspect and meanwhile shows a 

reasonable water production yield.   

1.5 Light-to-heat conversion process and photothermal material 

 

Solar energy is one of the most abundant and inexhaustible clean energy on Earth (Figure 

1-11).103-106 It is estimated that solar energy accepted by the Earth’s atmosphere, oceans 

and land masses within 1 hour is more than that the entire world used in one year.104, 107-

108 Thereby, developing economic and high efficient solar-based technologies will have 

huge longer-term benefits. Photothermal process, also known as light-to-heat conversion 

process, is one of the most ancient means to engage and convert solar energy into heat as 

the terminal energy for beneficial usage.109-116 The advantage of the photothermal process 

is its superior energy conversion efficiency compared with other means of solar energy 

harvesting technologies such as photocatalysis and photovoltaics.117-121 The group of 

photothermal material is diverse. The most well-known photothermal materials, including 

carbon materials (i.e., carbon black, carbon nanotubes, graphene, graphene oxide, 

etc.),103, 108-109, 122-126 metallic nanoparticles with desired size and geometry (i.e., gold, 

aluminum, silver, etc.),110, 127-128 and metal oxide/carbide/nitride (i.e., Black TiO2, Ti2O3, 

MXene, etc.), have been widely investigated during past decades.112, 129-131 The pools of 

photothermal material are still growing.  
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Figure 1-11. Global mapping of annually solar radiation in kWh/m2.106 

Subwavelength metallic particles are the groups of the most widely investigated 

photothermal materials in the early stage.132 The collective oscillations effects of the 

delocalized conduction electrons (surface plasmons) of the individual nanoparticles 

enables their intense absorbance of the light with a specific wavelength.133-135 When the 

energy of the excited electrons on resonance is not compensated through light scattering, 

it will be dissipated through Landau (non-radiative) damping, leading to a dramatic rise 

in temperature on the nanoparticle surface.136 The plasmonic effect has been employed to 

establish the high-performance solar evaporator for clean water production purpose. For 

example, in 2016, Zhou et al reported the use of a mixture of gold plasmonic 

nanoparticles with varied dimension for solar steam generator. In their design, gold 

nanoparticles were deposited on the alumina nanoporous template through physical vapor 

deposition (PVD) system (Figure 1-12). The absorbance was as high as 99% across the 

spectrum from 400 nm - 10 μm. The solar steam generation efficiency was 90% under 4-

sun intensity (i.e. 4 kW/m2).137  
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Figure 1-12. (a) Schematic of an ideal plasmonic absorber. (b) Deposition of 

nanoparticles onto the nanoporous templates. (c) Digital image of nanoporous template 

(left) and gold-deposited nanoporous template, the size of the disk is 1 inch.137  

Considering the fact that the wavelength of the solar spectrum is mainly ranged from 250 

to 2500 nm. Thereby, an ideally photothermal material should have a wide absorption 

capability towards the full range of the solar spectrum. Furthermore, the emission of 

infrared radiation at high temperature will causes significant heat loss during operation, 

thereby, to effectively utilize the generated heat in a specific application, a carefully 

consideration of emissivity of the photothermal material is also critical.132 Spectrally 

selective solar absorbers (SSA) are a group of materials designed to absorb sunlight 

effectively while with minimized re-emission of infrared radiation at elevated 

temperatures.138-140 An example of thermal-stable cermet-based spectrally SSA was 

reported by Chen et al in 2015. In their design, two layers of antireflection coating, two 

layer of cermet (Al2O3 ceramic host material plus Ni-W alloy) and a metallic IR reflector 
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layer (nickel or tungsten) were deposited on a stainless steel substrate. The material 

showed a ~0.90 solar absorbance and only 0.15 emittance at 500 oC (Figure 1-13).141  

The development of photothermal materials enables effectively uses of solar energy in 

series of applications. Besides the improvement of materials’ intrinsic properties, the 

energy management system and engineering design of photothermal devices are also 

important.132, 142-145 A better performance can be achieved only after both material and 

engineering designed are well combined. Thus there still a long way to go before 

achieving the best usage of photothermal principles.  

 

Figure 1-13. (a) Schematic of SSA structure, including Antireflection coating (ACR1 and 

ACR2), cermet layer (cermet 1 and cermet 2), and metallic IR reflector (IR reflector) on a 

staleness steel substrate. (b) The near normal solar absorbance and total hemispherical 

emittance of the SSA with 300 nm tungsten IR reflector as a function of temperature.141 

1.6 Photothermal sorption-based atmospheric water harvesting technologies 
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Another promising water vapor collection method is based on the sorption process by 

water sorbent. The water sorbent can sorb water vapor from the air, and then release the 

absorbed water by heating the saturated sorbent with the self-sustained energy source (i.e. 

solar energy). Finally, the released water can be condensed and collected. The advantage 

of the sorption-based method is its capability of producing water from dry air even when 

RH is lower than 20 % without any electricity input. In 2017, Yaghi and co-workers 

reported that the porous metal-organic framework (MOF) could be used as water vapor 

sorbent (Figure 1-14).96 In this work, the authors investigated the water sorption 

properties on several different types of MOFs. They found that MOF-801 could be used 

as water vapor sorbent due to its intrinsic property: it can absorb water in low relative 

humidity and regenerated at low temperature (i.e. temperature that can be achieved by 

photothermal process).  The MOF-based device was able to extract water from ambient 

air with RH as low as 20%. Assisted by photothermal materials, the saturated MOF can 

be heated up by sunlight irradiation to release the extracted water.94, 96-97, 146-151 

Meanwhile, very limited progress has been made in this track at the current stage.58 The 

limitation of sorption-based AWG technology is mainly due to the unsatisfied water 

production yield and the high price of the MOF sorbent.  

Considering the targeted application scenario, the key to the high-performance AWG 

devices is the selection of water vapor sorbent.98 The water sorbent should fulfill the 

following requirements: (1) absorb a reasonable amount of water from the air even with 

relatively low humidity (i.e. 30% RH); (2) to release water at relatively low temperature 

(i.e. 70-90 oC), which can be achieved by photothermal materials under regular or even 

weakened sunlight irradiation; (3) to show reasonable kinetic efficiency. Based on the 
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above discussions, in this proposal, the following aspects will be focused: (1) to explore 

new photothermal material with higher light-to-heat conversion efficiency; (2) to explore 

easy-to-be-obtained water vapor sorbents with a lower price; (3) to investigate new 

composite material with superior water capacity; (4) to enhance the kinetic efficiency of 

sorbent and fabricate a continuous water-producing device; (5) to move a further step, the 

engineering design of AWG devices should be considered.  

 

Figure 1-14. (a) Water sorption isotherms of MOF-801, MOF-841, UIO-66, and PIZOF-2 

at 25 oC. (b) Water sorption isotherm of MOF-801 at 25 and 65 oC. (c) conceptual design 

of MOF-based water harvesting system. (d) The structure of MOF-801. The yellow, 

orange and green spheres are three different pores. Black: carbon, Red: oxygen, blue 

polyhedral: Zirconium. (e) Digital photo of MOF-based AWG, including a layer of MOF 

as water vapor sorbent and condenser for water collection purpose. (f) Schematic of 

MOF-based AWG, under water sorption and water condensation conditions. (g) MOF 

temperature and chamber vapor pressure as functions of time during water harvesting 

cycle. (h) The experimental results of water-harvesting rate and cumulative harvested 

water during desorption process.96  
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1.7 Aims and scope of this dissertation 

 

Through the review of the relevant studies and the necessary parameters of an ideally 

AWH & AWG as per discussions in section 1.6, the objective of this dissertation can be 

divided into two sections. (1) Improving the performance of water vapor sorbents, and (2) 

Modification of AWG device and the exploration of applications beyond the clean water 

production.  

1.7.1 Improving the performance water vapor sorbents 

 

 

Figure 1-15. Flow diagram of the development of water vapor sorbents. 

Water vapor sorbent, serving as the key component of sorption-based AWG, is the 

decisive factor towards the overall water harvesting performance. Figure 1-15 describe 

the development flow of water vapor sorbents. MOF-801, which is reported by Yaghi et 

al. and can be treated as the “first generation water vapor sorbent”.96 Since one of the 

advantages of sorption-based AWG can utilize solar energy as a heat source to release the 
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absorbed water, the performance of the photothermal materials is another critical factor 

that need to be carefully addressed.  

In Chapter 2 of this dissertation, we demonstrated the design of a droplet system to 

evaluate the light-to-heat conversion efficiency of photothermal materials. The 

investigation was carried out in the droplet system by using Ti3C2 MXene and multi-

walled CNT as examples.114 The light-to-heat conversion efficiency of Ti3C2 MXene and 

CNT was compared. Furthermore, a self-floating MXene-based photothermal membrane 

was fabricated as the photothermal steam generator. In the presence of a polystyrene heat 

insulator, the light-to-water-evaporation efficiency of 84% was achieved under 1 kW/m2 

sunlight (one sun) irradiation.   

With a deeper understanding of light-to-heat conversion efficiency of photothermal 

materials, the next step is to build a photothermal-assisted AWG system with improved 

water vapor sorbent. In Chapter 3 of this dissertation, we demonstrated the potential use 

of non-deliquescent anhydrate/hydrated salt couples as water vapor sorbents, which 

indeed significantly decreased the cost of the sorbents in the AWG system.98 However, 

by the end of this stage, the salt-based AWG system still had some shortcomings: (1) low 

water capacity, (2) limited water production yield, and (3) low kinetic property.  

Unlike non-deliquescent salt, deliquescent salt has a high affinity with water, forms water 

solution as under high-humidity condition (known as hygroscopicity), and thus is capable 

of trapping as many as 5-6 times of water as its own weight.152-155 The water capacity of 

deliquescent salt is much higher than most of the well-known solid sorbent such as MOF, 

zeolite, activated carbon, etc.156-160 In Chapter 4 of this dissertation, we presented a 
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polymer-based hybrid hydrogel with superior water capacity and photothermal ability.95 

This design significantly improved the water capacity and water production yield in 

practical applications. However, the natural property bulk-phased material still showed an 

insufficient kinetic property. This shortage limited the AWG system only capable of 

absorbing water during night and produce water during daytime for only 1 

sorption/desorption cycle.  

To resolve the kinetic issue, the concept “nano-enabled” was considered in our further 

design. In Chapter 5, the size of the water vapor sorbent was reduced to the nano scale, 

which led to an increased water vapor diffusion kinetic. The nano sorbent, due to its 

enhanced kinetic property, makes it capable of completing multiple sorption/desorption 

cycle during one day, and thus lead to a reduced sorbent requirement for a specific water 

production yield.  

1.7.2 Modification of AWG device and the explorations of applications beyond the 

clean water production.  

 

With the improved kinetic property of water vapor sorbent, along with a reasonable water 

capacity and enhanced water production yield, the design of AWG system can be 

alternated from batch-based process into an all-automated continuous process. As a part 

of nano sorbent project, a detailed discussion on the design, performance, and feasibility 

of continuous AWG system will be demonstrated on Chapter 5 of this dissertation. In 

Chapter 6, we demonstrated the use of atmospheric water sorption/desorption cycles to 

fulfill the cooling requirements of photovoltaic (PV) panel.   
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In the sorption-based AWG, one of the water production processes is to condense and 

collect the released water vapor from water vapor sorbent. This is an exothermic process, 

where latent heat is released during condensation process. A perspective work could be 

helpful if the energy efficiency, heat/mass transfer and water production yield could be 

further improved.  

 

Figure 1-16. The projects based on the selection of properly water vapor sorbent. 

Given the possibility of air pollutant present in the ambient air, the decontamination of 

the volatile organic compounds (VOC) polluted atmospheric water could be helpful for 

the clean water production with improved water quality.  
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2. Chapter 2. Estimation of the light-to-heat conversion efficiency of 

photothermal materials. 
 

2.1 Introduction 

 

The light-to-heat conversion process (also known as a photothermal process) is one of the 

most ancient ways of engaging solar energy for beneficial usage.1-3 The light-to-heat 

conversion process involves a high-energy conversion efficiency than that of other solar 

energy utilization technics such as photocatalysis and photovoltaics.4-6 Due to the 

abundance and inexhaustibility of solar energy, light-to-heat conversion has been proved 

to be capable of certain niche applications, including but not limited to solar-enabled 

steam generation, seawater desalination, wastewater treatment, photothermal cancer 

therapy, etc.7-13 There has been series of photothermal materials developed during past 

decades. Based on the absorption spectrum of the incident light, photothermal materials 

can be simply divided into two groups: (1) photothermal materials that absorbs a specific 

wavelength, and (2) photothermal materials that absorb a wide range of the incident light 

spectrum. The mechanisms of the two individual groups of photothermal material are 

varied.14  

For the first group of photothermal material, the primary light-to-heat conversion 

mechanism can be explained by the surface plasmon resonance effect. When the 

frequency of the incident light and the oscillation frequency of the delocalized electrons 

in the photothermal materials matched together, the collective excitation of the electrons 

can be triggered and thus generates hot electrons. The coherence between the hot 

electrons and the incident electromagnetic field leads to continuously heat generation by 
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Joule mechanism.15-17 The representative photothermal materials are metal nanoparticles. 

The temperature can go extremely high at the surface of photothermal material by the 

plasmon resonance effect. The absorption wavelength can be tuned by changing the 

size/morphology of nanoparticles. Thereby, the metal nanoparticles may not be effective 

in the field of solar-enabled steam generation but could be very helpful in photothermal 

therapy.18-25 

The other group of photothermal materials, as discussed above, are the ones that can 

absorb a broad range of the light spectrum. Carbon-based materials such as carbon black, 

carbon nanotube, graphite, graphene, graphene oxide, etc.26-29 are the primary component 

of this group of materials. The wide-spectrum absorption property is mainly attributed to 

the closely spaced energy levels of the π electrons in the carbon material. Heat is 

generated through the relaxation of the excited electrons to its ground state.14 A similar 

mechanism can be used to explain the polymer-based photothermal materials (i.e., poly 

pyrrole).30 Considering the light absorption property, cost, stability, and availability, this 

group of photothermal material is highly preferred in the solar-enabled heat generation 

process, and thus can be utilized in the field of photothermal steam generation, seawater 

desalination, and wastewater treatment.  

The most essential factors of photothermal materials are their light absorbance and light-

to-heat conversion efficiency. Besides the intrinsic property, light absorbance can be 

largely influenced by the structure or the surface morphology of the photothermal 

material. Several works on tuning the morphology of photothermal materials to achieve a 
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superior light absorbance in a wide spectrum have been reported during past 5 years.14, 31-

35 

In comparison, due to the lack of efforts, the determination of the light-to-heat conversion 

efficiency of a photothermal material possess less attention. To address this issue, this 

chapter will introduce a carefully designed aqueous droplet light heating system, along 

with a thorough mathematical procedure to precisely evaluate the light-to-heat conversion 

efficiency of a variety of photothermal nanomaterials. A new series of 2D material 

known as MXene (which was obtained by selectively etching of “A” layers from 

Mn+1AXn phase. M, A and X represent for the early transition metal, group IIIA or IVA 

element, and C/N element, respectively ),36-37 was investigated as an example to evaluate 

its light-to-heat conversion efficiency. Furthermore, a self-floating MXene membrane 

was fabricated through vacuum assisted filtration process. A light-to-water efficiency of 

84% can be achieved when a heat barrier was employed. Thus, provide the evidence that 

MXene is a promising photothermal material and deserves more attention towards 

practical applications.        

2.2 Material and Methods 

 

2.2.1 Materials 

 

Ti3AlC2 MAX phase power (97%) and hydrofluoric acid (HF, 50 wt%) were purchased 

from VWR chemical. Dimethyl sulfoxide (DMSO), multiwalled carbon nanotube 

(MWCNT, 6-9 nm × 5μm), nitric acid (70 wt%) and sulfuric acid (97 wt%) were 
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purchased from Sigma-Aldrich. Deionized water (DI water) was produced from a Milli-Q 

ultra-pure water system.   

2.2.2 Synthesis of Ti3C2 MXene 

 

The synthesis procedure of Ti3C2 MXene was conducted based on the procedures 

previously reported.36, 38-39 An aliquot of 5.0 g Ti3AlC2 MAX phase powder was mixed 

and magnetic stirred with 50 mL of 50 wt% HF for 18 hours at room temperature (RT, 22 

oC). The as-obtained suspension was centrifuged and washed with DI water until the pH 

>5. The separated Ti3C2 powder was vacuum dried overnight at 60 oC. Dimethyl 

sulfoxide was used to delaminate the stacked Ti3C2 powder. Briefly, 20 mL DMSO was 

magnetically stir-mixed with 1.0 g of dried Ti3C2 powder for 18 hours at RT. The 

delaminated Ti3C2 was  separated by centrifugation at 3500 rpm for 5 min. A Ti3C2 

dispersion was obtained by dispersing the centrifuge-separated powder in DI water at a 

mass ratio of 1:300, followed by sonication for 300 min under argon atmosphere. Finally, 

the Ti3C2 MXene dispersion was obtained by centrifugation of the sonicated dispersion at 

3500 rpm for 30 min to remove the unexfoilated particles.   

2.2.3 Preparation of carbon nanotube 

 

6.0 g of MWCNT was dispersed in a mixture of nitric acid (70 wt%, 60 mL) and sulfuric 

acid (97 wt%, 180 mL). The dispersion was refluxed for 4 hours at 70 oC followed by 2 

hours sonication. The refluxed and sonicated MWCNT dispersion was filtrated and 

washed by DI water thoroughly.  
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2.2.4 Characterization 

 

A Shimadazu UV 2550 spectrophotometer was used to determine the diffuse reflectance 

and UV/vis absorption spectra. The UV-vis-NIR spectra were obtained on an Agilent 

Cary 5000 UV-vis-NIR spectrophotometer. Scanning electron microscopy (SEM) 

analysis was carried out on an FEI Nova 630s microscope. Transmission electron 

microscopy (TEM) images were obtained on an FEI-Titan CT microscope, operated at an 

acceleration voltage of 300 kV. A NKT superK EXTREME supercontinuum laser source 

equipped with a SuperK SPLIT spectral supercontinuum splitter was utilized to generate 

broad-spectrum white laser and IR laser for temperature profile comparison purpose.  

Two individual single-wavelength laser sources with a varied wavelength of 785 nm 

(BWF-785-450) and 473 nm (MBL-N-473B) were employed to test the light-to-heat 

conversion efficiency. A Newport 7936-R single wavelength photometer was used to 

detect the transmitted laser energy. The temperature profile and IR image were obtained 

by a FLIR A655 infrared camera.   

In order to determine the emissivity of Ti3C2 powder, a hot surface with a constant 

temperature of 70 oC was used in this work. MXene powder was scribbled on the hot 

surface with its temperature monitored by IR camera and thermocouple simultaneously. 

The emissivity of the MXene powder was calculated from the temperature value read 

from the IR camera and thermocouple. The measured emissivity of MXene powder was 

0.942 in this work. 

2.2.5 Light-to-Heat conversion efficiency measurement 
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A modified droplet-based method was used to measure the light-to-heat conversion 

efficiency of MXene.40 Briefly, 9.0 μL of aqueous droplet (diameter ~2.6 mm) with 

varied concentration of MXene (i.e., 0.100, 0.075, 0.050, and 0.025 mg/mL) was 

transferred from a patterned superhydrophobic surface onto a one-end-sealed PTFE tube. 

A laser beam with a constant energy of 82 mW and wavelength of 785 or 473 nm was 

shone on the center of the droplet. The droplet temperature increased due to light 

absorption by the MXene sheets inside the droplet located in the light path. The 

penetrated laser energy was monitored by photometer. A precalibrated IR camera was 

utilized to monitor the temperature change of the MXene aqueous droplet throughout the 

heating and cooling process. The laser was turned off upon the temperature of the droplet 

achieved its steady state. Thereby, the cooling process initiated due to heat compensation. 

A MWCNT droplet with a concentration of 0.100 mg/mL was used for comparison 

purpose.  

2.2.6 Fabrication of MXene thin membrane 

 

The MXene thin membrane with varied thickness was fabricated by vacuum assisted 

filtration method. A commercial hydrophilic PVDF membrane (Merck Millipore, GVWP, 

pore size 0.22 μm) was used as the matrix, and filtrated by MXene aqueous dispersion 

with a mass loading of 1, 2, 3, 4, 5, and 10 mg. A stacked layer of MXene was formed on 

the PVDF membrane top surface. The MXene thin membrane was tested by directly 

exposed to the simulated sunlight (Newport Oriel 94021A solar simulator) with light 

intensity of 1000 W/m2 (1 sun). The temperature of the membrane was tested by an IR 

camera. 
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2.2.7 Water evaporation performance under one sun 

 

The as-prepared MXene-PVDF membrane was modified by polydimethylsiloxane 

(PDMS) functional groups to enable its self-floating property. Briefly, the MXene-PVDF 

membrane was immersed in a 0.25 wt% PDMS hexane solution for 2 s, followed by heat 

treatment for 30 min at 60 oC. A polypropylene (PP) container with a mouth diameter of 

32 mm was filled with DI water and an MXene membrane with matched diameter was 

self-floated on the top of water. The simulated sunlight was irradiated perpendicular to 

the MXene membrane surface, and an electrical balance connected with PC unit 

monitored/record the weight change of the water in real time. The water evaporation rate 

was calculated by Equation 2-1. 

𝑣 =
𝑑𝑚

𝑠×𝑑𝑡
                                              Equation 2-1 

Where m, s, t, and v represent for the mass of evaporated water, the irradiated area, time, 

and the evaporation rate, respectively.  

To achieve a higher evaporation performance, a polystyrene plate was used as heat 

barrier, and physically attached on the backside of the MXene membrane. Light-to-water 

evaporation efficiency was calculated based on equation 2-2 and 2-3: 

𝑄𝑒 =
𝑑𝑚×𝐻𝑒

𝑑𝑡
= 𝑣 × 𝐻𝑒                       Equation 2-2 

𝐸𝐹 =
𝑄𝑒

𝑄𝑠
                                                Equation 2-3 



73 
 

Where Qe, Qs are the energy consumed for water evaporation and the incident solar light 

power, respectively, m is the weight of evaporated water, He is the enthalpy of 

vaporization of water (2266 kJ/kg). 

2.3 Result and discussion 

 

2.3.1 MXene preparation 

 

Ti3AlC2 MAX phase powder was used as the raw material for the preparation of Ti3C2 

MXene. After selective etching of Al layers by HF aqueous solution, the stacked Ti3C2 

powder was immersed into DMSO along with sonication for exfoliation purpose. The 

exfoliated mono/few layered MXene were dispersed in Argon-purged DI water for 

storage and further use. The SEM image of Al layer removed MAX phase powder is 

shown in Figure 2-1 (a), where after the removal of aluminum layer, a stacked structure 

with opened interspace can be observed. Figure 2-1 (b) displayed a typical Ti3C2 MXene 

flake with a size of 500 nm. The HRTEM image (Figure 2-1c) demonstrate the 

crystallinity of MXene flake. The selective area electron diffraction (SAED) pattern in 

Figure 2-1 (d) shows the hexagonal symmetry of MXene flakes and meanwhile double 

confirmed the single crystallinity observed by HRTEM.38-39  
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Figure 2-1. (a) SEM image of stacked Ti3C2 powder. (b) Ti3C2 MXene flakes after 

exfoliation. (c) HRTEM image of Ti3C2 MXene flake. (d) Selected area electron 

diffraction (SAED) pattern of the Ti3C2 MXene.  

2.3.2 Measurement and calculation of light-to-heat conversion efficiency 

 

In order to evaluate the light-to-heat conversion efficiency of photothermal materials 

precisely, a droplet-based system was established which contains a light absorption and a 

heat measurement system. The schematic of the experiment setup is shown in Figure 2-2 

(a). As can be seen, the aqueous dispersion droplet (9 μL) is hung at the tip of PTFE tube. 

The selection of PTFE as the probe to hang up the droplet is due to its hydrophobicity 

and poor heat conductivity, which avoid infiltration of droplet into the tube and prevent 

heat loss due to heat conduction. Single wavelength laser, due to its perfect parallel 

property and stable light power density, was chosen as the light source to heat up the 

MXene-contained droplet. In this work, laser with a wavelength of 473 or 785 nm, spot 
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size of 0.85 mm, and 82 mW power density, is directly irradiated onto the center of the 

droplet. The incident laser is partially absorbed by MXene flakes existing in the optical 

path of the laser beam. The optical path of the laser beam has a column formation with a 

dimension of 2.6 mm in length and 0.85 nm in diameter (Figure 2-2b). The absorbed laser 

energy was converted into heat and subsequently heat up the droplet (Figure 2-2c). An IR 

camera was used for real-time temperature recording of MXene dispersion droplet.    

 

Figure 2-2. (a) Schematic of the droplet-based system for light-to-heat conversion 

efficiency measurement. (b) Schematic of droplet with laser irradiation. (c) IR image of 

light-to-heat conversion efficiency test setup with laser on. (d) Schematic of optical path 

length calibration.  

Figure 2-2 (d) demonstrate the schematic of optical path in the spherical droplet. The 

cylinder space between two dashed line represent the optical path of incident laser. In the 

center of the cylinder, the optical path length (L1) equals to the diameter of the droplet 
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(black cycle, 2.6 mm in diameter). Due to the curvature of the droplet surface, the length 

of the optical path apart from the center of the spot is slightly shorter than 2.6 mm. The 

shortest optical length is located at the edge of the laser beam, which is denoted as L2, 

and calculated to be 2.5 mm based on equation 2-4: 

𝐿2 = 2𝑏 = 2√𝑟2 − 𝑎2                   Equation 2-4 

Where r, a represent for the radius of the droplet (1.3 mm) and the radius of the laser 

beam cylinder (0.43 mm), respectively. Thus, only a minor difference in optical length is 

caused by the curvature of the droplet surface. The calibration result indicates that the 

influence induced by directly use of the diameter of the droplet as the optical path length 

in light absorption calculation is neglectable.  

The UV-vis-NIR spectra (wavelength 300-1300 nm) of MXene and CNT water 

dispersion (0.1 gm/mL) is shown in Figure 2-3 (a). It is obviously that CNT exhibits a 

broad spectrum absorption from 300 to 1300 nm without distinct absorption peak. 

MXene shows a higher basic absorption than CNT with an absorption peak at around 800 

nm. Based on the solution to the Maxwell equation, in general, the conductivity of a 

material is positively correlation with the extinction coefficient and thus lead to a better 

electro-magnetic wave absorption.41 The existed research works have proved that MXene 

possess a higher electric conductivity than that of CNT and reduced graphene oxide 

(rGO). This phenomenon could be help to explain the MXene’s higher light absorption 

than that of CNT in the 300-1300 nm range.  
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Figure 2-3. (a) UV-vis-NIR absorption spectrum of MXene and CNT water dispersion 

with a mass concentration of 0.1 mg/mL. (b) Temperature profile of the MXene 

dispersion droplet under two individual laser irradiation. Plots of ln[(Tt-T0)/(Tmax-T0)] vs. 

time (s), tested with (c) 473 and (d) 785 nm laser, respectively. The slopes were obtained 

by linear regression.  

Figure 2-3 (b) shows the temperature profile of the MXene dispersion droplet in response 

to photothermal heating and natural cooling. A distinct temperature increase of the 

droplet can be observed soon after the laser was turned on, which indicates an 

instantaneous heat convection inside the droplet. The equilibrium temperature of the 

droplet was determined when the temperature fluctuation was less than 2 oC. Upon the 

achievement of the equilibrium, the laser was switched off and the cooling process was 

initialized. During the photothermal induced heating process, part of the laser energy was 
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absorbed and subsequently converted into heat by MXene inside the optical path, with a 

specific light-to-heat conversion efficiency (η). The gained heat energy is partially 

converted to the internal energy of the droplet, lead to a temperature increase before the 

equilibrium state achieved. The rest of heat dissipated to the environment once the 

environment temperature is lower than the droplet. Equation 2-5 can be used to describe 

the energy balance of this system: 

𝑃𝜂 =
𝑑𝑄𝑖

𝑑𝑡
= 𝑚𝐶𝑃

𝑑𝑇

𝑑𝑡
+

𝑑𝑄𝑒𝑥𝑡

𝑑𝑡
                               Equation 2-5 

Where P is the light power absorbed by MXene sheets, Qi is the heat energy obtained by 

aqueous droplet from the absorbed light energy; η is the light-to-heat conversion 

efficiency of MXene. m, Cp, and T, are the mass, heat capacity, temperature of the 

droplet, respectively. Qext is the dissipated heat into the surrounding ambient external to 

the droplet. The power P is calculated from the difference between incident laser power 

(Pin, 82 mW) and outgoing laser power (Pout). Pout can be calculated by using MXene light 

absorbance (Aλ) and double confirmed by the photometer (Equation 2-6). 

𝑃 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛(1 − 10−𝐴𝜆)                     Equation 2-6 

Aλ can be determined by Beer-Lambert law shown in Equation 2-7. 

𝐴𝜆 = 𝐾𝐿𝐶 = −𝑙𝑜𝑔10(𝑃𝑜𝑢𝑡/𝑃𝑖𝑛)                          Equation 2-7 

Where L is the optical path length (2.6 mm), C is the concentration of MXene aqueous 

dispersion, K is the extinction coefficient of MXene. Thereby, the extinction coefficient 

K is the key to this calculation and need be precisely determined.  
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A similar droplet experiment was conducted by Richardson and co-workers in 2009. 

They investigated the light-to-heat conversion efficiency of spherical gold nanoparticles 

(20 nm, mono dispersion). In their case, the light absorbance of gold nanoparticles was 

theoretically calculated and the extinction coefficient is a literature value for individual 

gold nanoparticles.40 However, it is inappropriate to directly applying the method by 

Richardson et al to our system, as there is no existing extinction coefficient value K for a 

specified condition in literature for MXene. In order to precisely measure the K value, a 

UV-vis-NIR spectrophotometer was employed with a cuvette for each individual sample. 

Since the concentration of MXene and the optical path length (i.e., cuvette width) is 

known, and the absorbance Aλ can be measured by spectrophotometer in a specific 

wavelength, thereby, K can be calculated in accordingly.  

With a known K value, the light absorbance of MXene dispersion with varied 

concentration can be calculated and has been shown in Table 2-1. Since most of the light-

to-heat conversion materials are neither spherical nor monodispersed, this improved 

method is more universal process for the estimation of light-to-heat conversion efficiency 

for all types of materials irrespective of the shapes and size distributions. Furthermore, 

the K and Aλ value can be obtained at the same material concentration on either a droplet 

experiment or a spectrophotometer, the accuracy in these parameters can be significantly 

enhanced. In order to double confirm the credibility of this method, the recorded 

outgoing laser intensity by photometer was used to evaluate light absorbance, and a 

similar value can be obtained compared with the value generated by the procedure 

described above.  
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Table 2-1. Calculation results of light-to-heat conversion efficiency  

785 nm wavelength laser 

 Aλ K Teq (
oC) Time to 

achieve Teq 

(s) 

F 

(× 10-3J/(s 
oC)) 

η 

0.100 

mg/mL 

0.39 15.0 35.1 25 3.330 1.027 

0.075 

mg/mL 

0.28 14.4 33.2 35 2.849 0.976 

0.050 

mg/mL 

0.19 14.6 31.5 35 2.351 0.932 

0.025 

mg/mL 

0.11 16.9 29.2 40 2.122 1.039 

473 nm wavelength laser 

0.100 

mg/mL 

0.48 18.5 36.5 25 3.440 1.038 

0.075 

mg/mL 

0.33 16.9 34.5 27 3.213 1.074 

0.050 

mg/mL 

0.25 19.2 31.1 30 3.391 1.054 

0.025 

mg/mL 

0.14 21.5 28.2 40 2.742 1.017 

CNT 785 nm wavelength laser 

0.100 

mg/mL 

0.12 4.6 27.9 30 2.374 1.045 

 

Once the laser source is switched off, the energy input becomes zero. Due to the heat 

dissipation from the aqueous droplet to its surrounding ambient, the temperature will 

decline instantaneously. This cooling stage can be described by Equation 2-8: 
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𝑚𝐶𝑃
𝑑𝑇

𝑑𝑡
+

𝑑𝑄𝑒𝑥𝑡

𝑑𝑡
= 0                             Equation 2-8 

The heat dissipation rate of an object to its surrounding ambient is proportional to their 

temperature difference. Therefore, Qext can be expressed as Equation 2-9: 

𝑑𝑄𝑒𝑥𝑡

𝑑𝑡
= 𝐹(𝑇 − 𝑇0)                                Equation 2-9 

Where F is the coefficient that describes the heat dissipation process. T and T0 are the 

temperature of the aqueous droplet and its surrounding (i.e. ambient air in this case). 

Suppose that the Teq is the maximum droplet temperature achieved during the test, which 

is also the starting temperature of the cooling process at the time when the laser is turned 

off. Thereby, the temperature of the droplet (T) can be expressed as following equation 

(Equation 2-10). 

𝑇 = 𝑇0 + (𝑇𝑒𝑞 − 𝑇0)exp(−
𝐸

𝑚𝐶𝑃
𝑡)      Equation 2-10 

The Equation 2-10 can be further reorganized into Equation 2-11, where F can be 

calculated from the temperature profile of the cooling stage.  

𝐹 = −
𝑙𝑛

𝑇𝑡−𝑇0
𝑇𝑒𝑞−𝑇0

𝑡
𝑚𝐶𝑝                                   (Equation 2-11) 

Figure 2-3 (c) and (d) displays ln((Tt-T0)/(Teq-T0)) as a function of time (t) for Ti3C2 

MXene dispersion droplet. A distinctly linear relationship indicates that F and mCp can 

be treated as constant in a small temperature range (20-40 oC in this work). The 

calculated F values has been listed in Table 2-1. Considering the concentration of MXene 

flakes in the aqueous droplet is very low, thus, the MXene itself does not significantly 
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contribute to the overall heat capacity of the droplet. The weight and the heat capacity of 

the tested droplets are calculated based on the volume of droplet (i.e., 9 μL), the density 

(i.e., 0.996 g/mL) and the heat capacity (i.e., 4.2 J/g) of pure water from references. Due 

to the water evaporation of the droplet, the droplet volume shrinkage did shrink but to a 

very limited extent (less than 0.2 mm in optical path length). Besides, water evaporation 

induced heat dissipation has been incorporated in the factor “F”. Therefore, no special 

treatment is given to the evaporation-induced size change of the aqueous droplet in the 

calculation.   

When the system is in equilibrium state, the heat energy gained by the droplet is equal to 

the energy dissipated to the surrounding and the temperature of the droplet remains 

unchanged. In this situation, the energy balance of the system can be described by 

following equation: 

𝑃𝜂 =
𝑑𝑄𝑖

𝑑𝑡
=

𝑑𝑄𝑒𝑥𝑡

𝑑𝑡
                                      Equation 2-12 

Equation 2-13 can be recognized by combining Equation 2-6, 2-9, and 2-12. 

𝑃𝑖𝑛(1 − 10−𝐴𝜆)𝜂 = 𝐹(𝑇𝑒𝑞 − 𝑇0)           Equation 2-13 

While Equation 2-13 can be further reorganized as Equation 2-14 for the calculation of 

the light-to-heat conversion efficiency (η), in which is the final goal of this calculation. 

𝜂 =
𝐹(𝑇𝑒𝑞−𝑇0)

𝑃𝑖𝑛(1−10
−𝐴𝜆)

                                         Equation 2-14 

In this method, the temperature profile of the droplet in the cooling stage was employed 

to calculate the constant F within 20-40 oC, and in turn, F is used at the equilibrium 
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condition to calculate the light-to-heat conversion efficiency η. The tested η for the 

droplets with varied MXene concentration has been listed in Table 2-1. It has to be 

emphasized that the light scattering phenomenon did exist in both the light absorbance 

and droplet heating experiment, and were considered in the calculations based on 

following reasons. (1) In the Aλ measurement experiment, the light scattering effect do 

influenced the observed light absorbance. However, the measurement of light absorbance 

has been widely used in the determination of extinction coefficient, as the scattering 

effect is quite weak there in.  (2) In the case of droplet heating, the laser beam passed 

through the centre of the droplet, and the scattered laser was partially absorbed by 

MXene flakes in the surrounding droplet that was excluded from the optical path. 

 

Figure 2-4. The temperature profile of the droplets with MXene and CNT concentration 

at 0.1 mg/mL under (a) visible white lasr and (b) visible+near infrared laser.  

Obviously, the light-to-heat conversion efficiency of MXene is quite close to 100% in all 

cases. These results demonstrates that Ti3C2 MXene has an outstanding light-to-heat 

conversion performance. In parallel with the use of the single wavelength laser, a full 
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visible spectrum laser and visible plus near infrared spectrum laser were also engaged to 

the droplet measurement system. Figure 2-4 displays the time course of the temperature 

profiles of CNT and MXene droplets with identical concentration (0.10 mg/mL) under 

the irradiation of the two wide-spectrum lasers. Obviously, the droplet contains MXene 

demonstrated a higher equilibrium temperature than that of CNT under both laser 

irradiation. This result corroborates that MXene is excellent in photothermal process.  

2.3.3 Photothermal water steam generation under on sun 

 

After the outstanding light absorbance and light-to-heat conversion efficiency of Ti3C2 

MXene have been confirmed, the project was move on to investigate the performance of 

stacked MXene thin membrane for interfacial water steam generation. Hydrophilic PVDF 

membrane with a diameter of 42 mm and pore size of 0.22 μm was used as substrate due 

to its flexibility, suitable pore size, and chemical inertia. Vacuum assisted filtration 

method was employed for the fabrication of MXene membrane.42 MXene flakes in the 

filtrating dispersion were tetained and stacked to form MXene thin membrane directly on 

the PVDF substrate. Even though a free standing MXene membrane can be peeled off 

from the PVDF substrate, the MXene membrane were kept together with the substrate 

PVDF membrane to ensure the mechanical strength for the following experiments.  

Due to the hydrophilicity of both the MXene and PVDF membrane, the as-prepared 

MXene thin membrane sank in water.43 Thus, poly(dimethylsiloxane) (PDMS) was graft 

on the surface of membrane to reduce the surface energy. The modified MXene-PVDF 

membrane is still wetted by water but able to self-float on top of water surface. Due to the 
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satisfied transparency of PDMS, this modification demonstrates negligible effect on the 

light reflection and absorption of the membrane (Figure 2-5 (a)).  

To investigate the thickness of MXene layer toward water evaporation performance, the 

thickness of MXene layer tuned by varying the loading amount of MXene flakes from 1.0 

to 2.0, 3.0, 4.0, 5.0, and 10.0 mg in the filtrating dispersions. Roughly, 1.0 mg of MXene 

corresponded to a thickness of 0.75 μm for the MXene layer based on the SEM 

observation. The MXene-PVDF membrane with 1.0 and 2.0 mg MXene loading amount 

displayed a high diffuse reflection in the visible light range shown in figure 2-5 (a). This 

phenomenon can be explained by the insufficient coverage of PVDF substrate with 

incomplete MXene layers in these two cases due to small MXene loading.  

 

Figure 2-5. (a) Diffuse reflection spectrum of PVDF membrane, PDMS modified PVDF 

membrane and MXene membranes with different mass loading. Inset in (a) compares 



86 
 

digital image of PVDF membrane and PVDF-MXene membrane. The mass loading of 

MXene on top of PVDF membrane was 10 mg. (b) Temperature time course of PDMS 

modified PVDF membrane and MXene-PVDF membrane in air under one sun 

illumination, insert (b) is IR photo of PDMS modified PVDF membrane and MXene, 

respectively. Both batches were irradiated for 30 minute to achieve water steam 

generation equilibrium at one sun. (c) Temperature depth profile of PDMS-MXene-

PVDF membrane for photothermal based steam generation. In this measurement, a glass 

bottle was used to prevent shielding of IR irradiation. (d) Time-dependent water 

evaporation rate under one sun light irradiation by the MXene membranes with different 

MXene mass loadings. 

Figure 2-5 (b) displayed the temperature time course of MXene-PVDF membrane 

compared with PVDF membrane alone with both irradiated by 1 kW/m2 simulated 

sunlight. As expected, the PVDF substrate achieved only 30 oC at equilibrium 

temperature while MXene-PVDF membrane had around 75 oC at equilibrium. Figure 2-5 

(c) presents the water temperature profile as a function of depth with the MXene-PVDF 

membrane floating on the surface of water, which demonstrates a distinct and sharp high 

temperature zone (~35.4 oC) at the water/air interface (inset), and further provides an 

evidence for the effective interfacial water heating phenomenon. Figure 2-5 (d) presents 

the amount of water evaporated as a function of time, induced by MXene-PVDF 

membrane with different mass loadings. It is obvious that with the increasing of MXene 

mass loading, the water evaporation rate is getting faster. After the evaporation process 

was conducted and stabilized for 1 hour, the light-to-water evaporation efficiency was 

calculated accordingly (Figure 2-6, Table 2-2). The MXene-PVDF membrane with 
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MXene mass loading of 10 mg shows a light-to-water evaporation efficiency (EF) of 

74%, which is 2.47 times that of the water evaporation rate without membrane (i.e., 

30%). 

 

Figure 2-6. Light-to-water evaporation efficiency of membranes with varied MXene mass 

loading. 

Table 2-2. Light-to-water Evaporation efficiency of different test. 

 1 mg 2 mg 3 mg 4 mg 5 mg 10 mg water 

Evaporated 

weight within 

90 min 

(Kg/m2) 

1.194 1.373 1.514 1.528 1.558 1.758 0.718 

Evaporation 

efficiency 

50.1% 57.6% 63.5% 64.1% 65.4% 73.8% 30.1% 

 

It is known that besides the material’s intrinsic light-to-heat conversion efficiency, the 

water evaporation performance can be largely influenced by the surface structure of 
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material and energy management of evaporation system.7, 18, 20, 26, 29, 31 To reach the 

optimized evaporation performance, a polystyrene (PS) foam was used and attached on 

the bottom side of the MXene-PVDF membrane. The use of PS foam as heat barrier is 

rational, as it do not contains water channel and blocks heat transfer down to the bulk 

water. Water will be transported up to the photothermal layer from the peripheral side of 

the foam. This design also enhanced the heat localization at the water/air interface, and 

thus the water evaporation efficiency can be further increased.30, 44-46 With the attached 

heat barrier, the light-to-water evaporation efficiency of MXene-PVDF-PS membrane (10 

mg MXene loading) was boosted to 84% (Figure 2-7).  

 

Figure 2-7. Time-dependent water evaporation rate und 1 kW/m2 sunlight irradiation by 

MXene-PVDF-PS membrane.  

2.4 Conclusion 

In conclusion, this work developed a general procedure based on a previously reported 

work to measure the light-to-heat conversion efficiency of photothermal materials with a 

droplet light heat system. The results demonstrated that both MXene and CNT had an 
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outstanding internal light-to-heat conversion efficiency of ~100%. Exfoliated MXene was 

further fabricated into a self-floating membrane, in the presence of a PS heat barrier, the 

membrane produced a light-to-water evaporation efficiency of 84%. Thus, on the one 

hand, MXene can be treated as a promising photothermal material in several fields; on 

the other hand, this work demonstrated that the enhancement of photothermal-based 

process can rely on low-cost carbon material instead of expensive materials.  
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3. Chapter 3. Harvesting water from air with anhydrate/hydrated salt 

couple. 
 

3.1 Introduction 

 

In the regions with very limited access to any surface water and seawater, or 

groundwater, the unconventional long distance transportation of fresh water is typically 

the only choice for the communities in these locations.1-7 Fortunately, there is always 

large quantity of water preserved in the atmosphere, even in the desert regions with a low 

relative humidity year-around.  The atmospheric water, consisted by water vapor and tiny 

water droplet, is a promising water resource equivalent to 6 time of the water in all rivers 

and ~10% of all fresh water in lakes on Earth.8 Thereby, collecting atmospheric water 

droplet such as fog or clouds is in operation in the villages or remote sites in more than 

25 countries all over the world.9-13 However, the limitation of the fog harvesting 

technology is that a consistently high (i.e., typically 100%) atmosphere relative humidity 

(RH) is required to guaranty the water productivity. Thus, fog harvesting is only viable in 

a few places, such as South Africa, western Mediterranean, coastal regions of South 

America, etc.14-15 Practically, in the regions where atmospheric water harvesting is 

necessary, there is typically low RH year-around. Thus, harvesting of water vapor from 

air in a low humidity condition is much meaningful and globally relevant work than that 

of fog harvesting.16 

Very limited success has been achieved to collect water vapor from air with low RH and 

eventually to produce water with a simply designed, easily accessible, and self-sustained 

energy source.17-18 In 2017, Wang and Yaghi lead a research work, demonstrated that 
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meta-organic framework (MOF) with porous structure was able to capture water vapor 

from the surrounding ambient with relative humidity as low as 20%. With the assistance 

of photothermal material, the MOF-based atmospheric water harvesting device is capable 

of delivering water with low-grade heat from sunlight.19 This groundbreaking work 

stimulates the research efforts toward investigating more cost-effective water sorbents 

that is appropriate in the conditions with even lower humidity.  

In view of the as-discussed application scenarios, the absorption heat for an eligible 

absorbent should be higher than 60 kJ/mol. This value is calculated from the classic 

Clausius-Clapeyron equation, which falls in to the range of chemical absorption, and thus 

disqualifies the physical adsorption-based desiccants such as zeolites and silica gel.20-23 

The calculation details of absorption heat can be found in Results and Discussion section. 

In order to investigate the possible water adsorbent that meet the requirements, our 

attention has been drawn by a group of well-known chemicals: anhydrate salts and their 

hydrated counterparts. These salts are normally widely available and inexpensive in 

price, which can absorb atmospheric water and thus transform into its hydrated state. Due 

to the strong affinity with water, the anhydrate/hydrated has long been used as a desiccant 

for the trace water removal from the organic solvent. Unlike the conventional physical-

adsorption-based desiccants, the capture of water vapor by the anhydrous/hydrated salt 

couples are a chemical process, which is known as hydration reaction. The absorption 

heat of the reaction is desirable higher than 60 kJ/mol.19, 23 

In this work, we demonstrate a proof-of-concept design that utilize anhydrous/hydrated 

salt couples to harvest water vapor from dry air. The absorbed water can be subsequently 
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delivered as fresh liquid water by utilizing solar energy as the sole energy source. In 

searching for appropriate anhydrous/hydrated salt couples, 14 different salts were 

screened in this work. Furthermore, an all-in-one device with a salt-loaded bilayer 

composite disk was rationally fabricated for integrated water vapor harvesting and 

photothermal-induced water release/collection. Among all of the investigated salt 

samples, copper chloride, copper sulfate, and magnesium sulfate stand out due to the 

water sorption/desorption ability and chemical/physical stability. The experiment results 

from this work demonstrate that copper chloride (CuCl2) works best in the places with 

low ambient humidity but sufficient sunlight irradiation, for example, deserts regions. 

Copper sulfate (CuSO4) and magnesium sulfate (MgSO4) are more suitable for 

atmospheric water harvesting works in the places with higher humidity but insufficient 

sunlight irradiation such as mountains and islands. The significance of this work is that 

anhydrate/hydrated salt couples are proved to be a cost-effective water vapor sorbents 

toward producing clean water in water scarce regions and communities.  

3.2 Materials and Methods 

 

3.2.1 Chemicals and Materials.  

 

The fourteen salts investigated in this work are listed as follows: Iron (III) chloride, zinc 

nitrate, copper (II) nitrate, calcium chloride, nickel (II) nitrate, iron (III) nitrate, iron (II) 

sulfate, lithium sulfate, sodium carbonate, sodium sulfate, copper (II) chloride, nickel (II) 

acetate, copper (II) sulfate, and magnesium sulfate. All the listed salts were purchased 

from Sigma-Aldrich and used as received. The screening process of salts are described as 

follow: 2.5 g of the salt sample was placed into a petri dish with a diameter of 4.7 cm. 
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The salt-contained petri dish was sit in the ambient air (22 oC, 60% RH) for 24 hours to 

be fully hydrated. Both the physicochemical and the weight changes of the salt sample 

were monitored. 

3.2.2 Material Characterization.  

 

Water vapor sorption and desorption behavior test were conducted on a simultaneous 

thermal analyzer (STA, NETZSCH Jupiter STA-449) coupled with humidity generator 

(proUmid Co. Ltd., MHG). For the dynamic RH test of the samples, the water vapor 

generator was programmed to purge nitrogen flow with batches of pre-defined humidity 

along with different equilibration time. The STA furnace was first heated up to 85 oC 

with a constant RH of 1.5% for 4 hours for dehydration purpose. After the dehydration 

process of the salt is completed, the STA furnace was cooled down to 24 oC for hydration 

test. The system RH was increased step-by-step from RH 1.5% to RH 9%, and the 

equilibration time for each step was 60 min. The interval between two individual RH 

steps is 1.5%. For the RH rage of 9-21%, the equilibration time was changed to 30 min 

and the step interval was tuned to be 3%. For the RH range between 21-80%, the 

equilibration time maintained at 30 min while the step interval was shift to 6%. For the 

static RH test, the pre-programmed humidity generator purged a nitrogen flow with a 

static RH, and a consistent equilibration time of 17 h was engaged.  

The scanning electron microscopic (SEM) images were obtained from an FEI Quanta 600 

microscope. The UV-vis-NIR spectra were tested using an Agilent Cary 5000 

spectrophotometer. The concentration of the metal content in the collected water samples 

was tested by inductively coupled plasma-optical emission spectroscopy (ICP-OES, 
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Optima 8300, PerkinElmer, Inc.) equipped with a Segmented-array-Charge-couple 

Device (SCD) detector.  

3.2.3 Fabrication of Bilayered Water Collection Device.  

 

An aliquot of 3.0 g multi-walled carbon nanotube (CNT, Sigma-Aldrich) with a diameter 

of 6-9 nm and a length of 5 μm was dispersed in a mixture of sulfuric acid (90 mL, 97 % 

wt.) and nitric acid (30 mL, 70% wt.). The mixture was refluxed for 4 h under 70 oC 

followed by 2 h of sonication. The as-treated dispersion was filtrated and washed by DI 

water thoroughly before use. The silica fibrous filter (Whatman) was cut into a disk-

shape (47 mm in diameter) and used as the substrate. The loading of the salts onto the 

substrate was achieved by immersion of the fibrous filter disk into the selected salt 

solution, followed by drying for 5 h at 65 oC. The mass loading of the slat can be 

controlled by the cycles of immersion-drying process in the same fibrous silica filter 

substrate. CNT ink with 2 mg of CNT was painted on the top surface of the disk. The 

CNT-painted disk was then thoroughly dried at 65 oC to form the photothermal layer.  

3.2.4 Water Collection and Photothermal Assisted Water Release.  

 

The as-fabricated photothermal water collection disk was exposed to the ambient with a 

RH of 60%, 22 oC for 24 h to achieve its maximum water sorption capacity. The water 

releasing test was conducted by the exposure of the saturated-water collection disk 

directly under simulated sunlight (Oriel 94021A solar simulator, Newport). The intensity 

of the simulated sunlight beam was tuned to be 1 kW/m2 (1 sun) or lower. An IR camera 

(FLIR A655) was employed to measure and record the top surface temperature of the 
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disk. An electrical balance connected with a PC unit was used to record the weight 

change of the disk during the test. The stability test of the device was conducted by 

repeating the water sorption and photothermal-assisted desorption cycles under ambient 

conditions (i.e., 22 oC, 60% RH) for 10 times with same water collection disk.  

3.3 Results and Discussion 

 

3.3.1 Screening of the Salts Based on Physical and Chemical Stability and Their 

Available Water Capacity. 

 

From the energy point of view, the classic Clausius-Clapeyron equation (Equation 3-1) 

was used for the calculation of the minimal adsorption heat of an appropriate water vapor 

sorbent.  

𝛥𝐻𝑚 =
𝑅𝑇1𝑇2

𝑇2−𝑇1
ln

𝑃2

𝑃1
                     Equation 3-1 

Where R is the gas constant, ΔHm is the absorption heat; p1 and p2 are the partial pressure 

at the different temperature of T1 and T2 (in Kelvin), respectively. 

Since the application scenario is established based on the arid regions such as desert, the 

water vapor sorption temperature T1 is defined to meet the condition of the nighttime in a 

desert, which is ranged between 17-25oC (290-298 K). The water desorption temperature 

T2 was set to be 70, 75, 80, and 85 oC (343, 348, 353, and 358K), which is the 

temperature can be achieved by the commonly used photothermal material under 

standard sunlight (i.e., light strength 1 kW/m2) irradiation.24-26 The humidity (based on 

relative humidity, RH) for the range of water vapor sorption process is set to be RH 1-

25%, and the condition of desorption process is set to be RH 100%. Based on these 
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assumptions, the calculated minimum absorption heat of the appropriate water vapor 

sorbent is within the range of 60-130 kJ/mol, and the simulation curve has been displayed 

in Figure 3-1. 

 

Figure 3-1. The theoretical absorption heat Qst for an appropriate water vapor sorbent 

calculated from the classic Clausius-Clapeyron equation. The assumed water release 

temperature is (a) 70 oC, (b) 75 oC, (c) 80 oC, and (d) 85 oC. The humidity is ranged 

between RH 1-25%. 

As can be seen, first, if the water vapor sorbent is required to release the captured water 

only at high temperature, a low absorption heat should be possessed. However, for the 

sorbent that is required to release the absorbed water at a low temperature, a higher 

absorption heat of the sorbent is required. Second, if the desorption temperature of the 
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absorbed water is a constant, the water sorption process at low humidity and high 

temperature requires a high absorption heat. In this work, a minimal absorption heat of 80 

kJ/mol was engaged for the selection of the anhydrous/hydrated salt couples in the initial 

place. The work screened 14 batches of commonly used and low-cost salts, all of which 

possess a water absorption heat of >80 kJ/mol. The anhydrous salt and its hydrated 

counter parts are listed in Table 3-1. 

Table 3-1 Hydrous/anhydrous salt couples screened in this work 

Hydrous state formula Anhydrous state formula 

FeCl3·6H2O FeCl3 

Zn(NO3)2·6H2O Zn(NO3)2 

Cu(NO3)2·3H2O Cu(NO3)2 

CaCl2·6H2O CaCl2 

Ni(NO3)2·6H2O Ni(NO3)2 

Fe(NO3)3·9H2O Fe(NO3)3 

FeSO4·7H2O FeSO4 

Li2SO4·H2O Li2SO4 

Na2CO3·H2O Na2CO3 

Na2SO4·10H2O Na2SO4 

CuCl2·2H2O CuCl2 

(CH3COO)2Ni·4H2O (CH3COO)2Ni 

CuSO4·5H2O CuSO4 

MgSO4·6H2O MgSO4 

An equal weight of 2.5 g of the as-received hydrated salts are first exposed in the ambient 

air with a humidity of RH 60% and temperature of 22 oC for 24 hours to ensure the 
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saturation absorption. The saturated salts are dried in an 80 oC oven for 5 hours. The 

weight change of the salts after the 24 h hydration and 5 h dehydration are displayed in 

Figure 3-2. The salts are divided into two groups: (1) Physically stable salts (Figure 3-2 

a) and deliquesced salts (Figure 3-2 b). The CaCl2, FeCl3 and the four nitrate salts 

deliquesce into a different extent after the 24 h hydration step. The deliquescent property 

of the salts will lead them being completely dissolved into a liquid phase, which is 

unfavorable for the targeted application scenario in this project (Figure 3-3). It has to be 

pointed out that even each molecule of FeSO4·7H2O contains 7 hydration water 

molecules, the instability of the salt leads to the loss of hydration property after the heat 

treatment at 80 oC due to the oxidation of FeSO4 in the air.27 Besides, the Na2SO4·10H2O 

and Li2SO4·H2O tightly hold the hydration water, and all shows a little water release at 80 

oC. Thus, these salts are excluded from the further consideration in this work. 

 

Figure 3-2. The weight change of the (a) physical stable salts and (b) deliquesced salts 

during the hydration and oven dehydration process.  
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Among the rest of the candidates, the CuCl2·2H2O, CuSO4·5H2O, and MgSO4·6H2O 

shows a reasonably available water content (i.e. >20%). The available water content is 

defined by the percentage weight of the water per unit mass of the salt that is releasable at 

the elevated temperature of 80 oC. Thus, these three salts are chosen as the potential 

sorbent for the further investigations.  

 

Figure 3-3. Digital photos of the 14 salts after 24 hours hydration step in the humidity of 

RH 60% at 22 oC. 

The chemical stability assessment of the three candidate salts was performed by cycling 

test. The three salts are placed under ambient condition with a relative humidity of 60% 

and temperature of 22 oC for 12 hours to achieve their saturation. The saturated salts (i.e. 

CuCl2·2H2O, CuSO4·5H2O, and MgSO4·6H2O) are dried at 80 oC for 2 h with a box oven. 

The hydration/dehydration cycle is repeated for 10 times and subsequently analyzed by 

XRD on the hydrated salts in the end. Figure 3-4 a and b displayed the nearly unchanged 

XRD patterns of the CuCl2·2H2O and CuSO4·5H2O before and after their cycling test, 

indicating their high chemical stability. In comparison, the MgSO4·6H2O gradually 

converted into a mixture of MgSO4·4H2O and MgSO4·6H2O after the 10-cycle water 
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sorption/desorption test (Figure 3-4 c). Nevertheless, the available water capacity of 

MgSO4·6H2O shows neglectable change.28  

 

Figure 3-4. XRD pattern of (a) copper chloride, (b) copper sulfate, and (c) magnesium 

sulfate before and after the cycling test.  

Thermal gravimetric analysis (TGA) is further conducted and the TGA curves of the 

three candidate salts are shown in Figure 3-5. The onset temperatures of the dehydration 

process for CuCl2·2H2O, CuSO4·5H2O, and MgSO4·6H2O are 39.5, 32.5, and 34.5 oC, 

respectively. For CuCl2·2H2O, the two molecules of hydration water are released 

simultaneously, thus a sharp decrease in its weight can be observed along with the 

increasing of temperature until 90 oC where all of the hydration water have been removed 

(Figure 3-5 a). For CuSO4·5H2O, a 3-stage weight loss curve can be observed, which 

corresponds to the three dehydration state of the salt from CuSO4·5H2O to CuSO4·3H2O 

(32.5-63.7 oC), CuSO4·3H2O to CuSO4·H2O (63.7-94.7 oC), and CuSO4·H2O to CuSO4 at 

225.7 oC (Figure 3-5 b).29 For MgSO4·6H2O, a 4-stage weight loss curve can be observed, 

which correspond to the dehydration of MgSO4·6H2O to MgSO4·4H2O (34.5-71.9 oC), 

MgSO4·4H2O to MgSO4·3H2O (71.9-108.8 oC), MgSO4·3H2O to MgSO4·H2O (108.8-

170.8 oC), and MgSO4·H2O to MgSO4 (170.8-237.8 oC). As can be seen, the TGA results 
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perfectly matched with that of 80 oC dehydration, and confirmed that the CuCl2·2H2O, 

CuSO4·5H2O, and MgSO4·6H2O can release a reasonable amount of water between 70-85 

oC.30 

 

Figure 3-5. TGA curve of (a) copper chloride, (b) copper sulfate, and (c) magnesium 

sulfate. 

3.3.2 Water Absorption Assessment. 

 

The water vapor sorption property of the three salts are thoroughly investigated under 

both dynamic and static RH modes on a simultaneous thermal analyzer (STA) coupled 

with a modular humidity generator (MHG). The temperature of 24 oC is selected and 

maintained throughout the water vapor sorption process in both modes for all samples. 

The choice of 24 oC is mainly because this is a typical temperature in the nighttime of the 

desert when the sorption process takes place. The salt samples are pre-dehydrated prior 

conducting the water vapor sorption test in both modes. In the dynamic RH mode, the 

humidity is slowly increased in stepwise, and the equilibrium of each step is obtained by 

allowing a sufficient sorption time (Details can be found in Materials and Methods 

section). In the static RH mode, the humidity is tuned from 1.5% directly to the pre-

defined humidity value, and the sorption duration is set to be 17 hours.  
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Figure 3-6. Water vapor sorption curves of (a, b) CuCl2, (c, d) CuSO4, and (e, f) MgSO4 

in dynamic and static RH modes, respectively. 

Figure 3-6 a shows the dynamic RH water vapor sorption result of CuCl2. The onset 

water vapor sorption humidity of CuCl2 is ~15%, and beyond this value, the anhydrous 

CuCl2 quickly converts to its hydrate state, which perfectly corroborated by its static RH 

results (Figure 3-6 b). The CuCl2 salt can recovers to its full hydration weight from 78% 

(dry state) to 100% (hydrated state) at RH 15%. Furthermore, the anhydrous CuCl2 shows 

a water vapor sorption capability even when the RH is only 10% (i.e. from 78% to 85%). 
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No distinct hydration can be identified at RH 5% for CuCl2. These results indicate that 

the CuCl2 is an outstanding water vapor sorbent for very dry air with RH as low as 10%. 

For anhydrous CuSO4, as can be seen in Figure 3-6 c and d, no water sorption behavior 

can be observed before the humidity value of 21%, and its onset water vapor sorption 

humidity is RH 35%. The superior onset sorption humidity and the relatively low water 

release temperature indicates that the anhydrous CuSO4 has a low bonding energy with 

water molecules. Figure 3-6 e and f displays the water sorption behavior of MgSO4, 

indicate there is no obviously water vapor sorption of MgSO4 until RH 35%, and the 

weight of the salt increases up to 85% of its hydration state during the test period.  

As a brief conclusion, based on the dynamic and static RH test, the three candidate water 

vapor sorbent are capable of absorbing a reasonable amount of water vapor from dry air 

with different RH and thus are suitable for the varied application scenarios.  

3.3.3 All-in-One water Harvesting and Release Devices. 

 

In consider of the practical application, a simple all-in-one device is designed and 

fabricated. The device is enabled with both atmospheric water harvesting and 

photothermal-assisted water release functions. Given the nature of water vapor sorption 

under ambient temperature, the water desorption process can be conducted only at a 

higher temperature level. Thereby, the water harvesting device has to rely on sunlight as 

the energy source to power the water release process. The entire water vapor sorption 

system should stand-alone without the requirements of other extra energy input but 

sunlight.31 Furthermore, under the assistance of sunlight and photothermal materials, the 
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sorbent temperature should be at least 60-85 oC under one sun irradiation to release the 

absorbed water.32-36 A condensation chamber was used to condense and collected the 

released vapor-phased water from the sorbent under ambient conditions.37 Since the 

cooler substrate may not be available to aid the water condensation, the water vapor 

released from the photothermally heated sorbent should has a higher vapor pressure than 

that of the bulk liquid water under the same temperature. This requirement lead to a 

passive condensation process of water vapor where the vapor pressure difference is the 

only driving force for the condensation process.  

Based on the as-discussed considerations, the water vapor harvesting system in this work 

consists of a bilayer structure. The bottom layer is the slat-contained water vapor sorption 

layer while the top layer is the photothermal layer. The device in this work was fabricated 

into a disk shape (Figure 3-7). It is well known that the anhydrous/hydrated salts are 

usually in a powdery state. Thereby, a matrix material should be used to host and 

maintain the salts in place and meanwhile ensure an enough mechanical 

strength/robustness. From the chemical/physical stability and the cost point of view, a 

silica fibrous filter is used as the supporting substrate in this work. The salt loading 

process is achieved by salt solution immersion and followed by oven drying (step 2 and 3 

in Figure 3-7). The fibrous structure of the silica filter induces a capillary force and thus 

leads to a uniform distribution of the salt solution throughout the entire filter. The weight-

loading rate of the salt on the silica filter is determined by the cycles repeated for the 

immersion/drying process. Meanwhile, the amount of water adsorbed by the substrate 

material is evaluated to be negligible.  
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Figure 3-7. Schematic of the fabrication process of water collection disk. Step 1-4 

corresponded to the silica fibrous filter substrate, substrate immersion by saturated salt 

solution, oven drying to remove water, and CNT coating, respectively. The dashed 

rectangles displays the close-up view of the highlight section in each step.  

 

Figure 3-8. (a) and (b) top view SEM image of CuCl2 water collection disk with and 

without CNT photothermal coating layer, indicates its highly porous structure. (c) 

Elemental mapping of CuCl2 water collection disk showing a homogeneous distribution 
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of the salt in fibrous silica filter. (d) Cross-sectional image of the CuCl2 water collection 

disk, exhibiting its bi-layered structure. 

CNTs are used as the photothermal material due to its superior light-to-heat conversion 

efficiency, low cost, chemical stability, and wide availability.38-40 Due to the natural 

hydrophobic property of CNTs, in this work, the as-received CNTs are treated in 

oxidative acid conditions to make them hydrophilic. The as-modified hydrophilic CNTs 

are then dispersed into DI water to form a CNT ink. The CNT ink was ten simply painted 

on the top layer of the salt-loaded fibrous silica filter as the photothermal coating layer 

(Figure 3-7 step 4). The fibrous structure of the salt-loaded silica filter and its porous 

property is shown in Figure 3-8 (a) and (b). The SEM-EDS mapping was used to observe 

the uniform elemental distribution through the disk structure (Figure 3-8 c). The bilayer 

structure of the disk is shown in Figure 3-8 d with a thin layer of CNT photothermal layer 

and a salt-loaded water vapor sorption layer.   

 

Figure 3-9. UV-vis-NIR spectra of the salt-loaded water collection disks before and after 

CNT photothermal layer coating. (a) CuCl2, (b) CuSO4, and (c) MgSO4. The insets digital 

photos are the water collection disks with or without CNT photothermal layer.  



113 
 

The UV-vis-NIR spectra of the hydrated salt loaded water collection disks with and 

without the CNT photothermal layer are compared in Figure 3-9. In the absence of the 

photothermal layer, the copper chloride loaded disk shows a higher light absorbance than 

that of copper sulfate. However, when the CNT photothermal layer is applied, the light 

absorbance difference is diminished—the both water collection disks showing a dark 

black color (Figure 3-9 a and b). For the magnesium sulfate loaded water collection disk 

without CNT layer, the color is appears to be white and demonstrates a limited light 

absorption. When the CNT layer applied, the disk shows considerable enhanced light 

absorption throughout the test range (Figure 3-9 c).  The phenomenon is expected due to 

the excellent light absorbance of the CNT.  

The temperature profiles of the salt loaded water collection disks with and without the 

photothermal layer are compared in Figure 3-10. The CuCl2 loaded water collection disks 

display the highest surface temperature, which can be led by the much higher light 

absorption ability of CuCl2 than that of others (See section 3.3.5 for more details). The 

CuCl2 disc without the CNT photothermal layer reaches ~65 oC after 200s simulated 

sunlight irradiation (1 sun, 1kW/m2). When the photothermal layer is applied, the surface 

temperature of the disk can be quickly increased up to 75 oC within the same period 

(Figure 3-10 a). Unlike the CuCl2 based water collection disk, the disks of both CuSO4 

and MgSO4 show lower temperatures (Figure 3-10 b and c). These results can be 

attributed to the weaker light absorption ability of CuSO4 and MgSO4. With the 

photothermal layer applied, the equilibrium temperatures of the CuSO4 and MgSO4 

bilayer disks quickly increased to 72 oC and 66 oC by the end of the 200 s-simulated 
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sunlight irradiation. The IR image of the salt-loaded water collection disks with/without 

CNT coating layer at the equilibrium state are shown in Figure 3-10 d-f. 

 

Figure 3-10. Temperature profile under one sun irradiation for (a) CuCl2, (b) CuSO4, and 

(c) MgSO4 water collection disk with/without the CNT photothermal layer. (d)-(f) are the 

IR image of the referred disks with/without CNT coating at the equilibrium temperature. 

The blue dots and the red dots mark the positions of the lowest and highest temperature in 

the IR image within the circle region.  

It is worth emphasizing that when the measurement system is covered by a paperboard 

(Figure 3-11 a), the bilayer water collection disk can reach surface temperature of 87, 85, 

and 84 oC for CuCl2, CuSO4, and MgSO4, respectively (Figure 3-11 b).34 This 

phenomenon can be attributed to the decreased influence from the ambient air 

disturbance. Thus, this result implies a potential method of covering the device to further 

enhance the surface temperature under solar irradiation in the field condition, which is 

potentially increase the water release process and further expand the choices of water 

absorbents.  
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The water desorption properties of the water collection disks are further assessed under 1 

kW/m2 simulated sunlight irradiation. The water collection disks are first exposed to the 

ambient with the temperature of 22 oC and humidity of RH 60% for 24 h to reach their 

water vapor absorption equilibrium. The as-saturated disks are then transferred onto a 

polystyrene foam as the heat barrier, followed by the irradiation of simulated sunlight (1 

kW/m2). An electric balance connected with a computer records the weight change of the 

disk. Figure 3-11 c shows The percentage weight change of the water collection disks as 

a function of time under 1 sun irradiation and RH 60%, 22 oC. The initial weight is the 

total weight of the hydrated salt, the photothermal layer, and the silica substrate. It is 

obviously that all the water collection disks show fast dehydration rate under sunlight 

irradiation. For the CuCl2 disk, the maximum water release value achieves at around 80 

min and ~ 17% weight loss can be observed due to water dehydration. For the CuSO4 

water collection disk, the weight loss achieves 21.3% within first 12 min and an extra of 

1.7% is achieved by the end of 25 min. The MgSO4 disk shows 26% weight loss by 60 

min. 

 

Figure 3-11. (a) Digital photo of the test set up, with paperboard shelter. (b) Time course 

of the temperature profile of the disks during solar-enabled water released with a 
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paperboard shelter. (c) Weight change profile of the bilayer disks as a function of time 

under one sun irradiation.  

The available water capacity in percentage of the three salts and the referred individual 

water collection disks are shown in Table 3-1. The decreased percentage available water 

capacity in the devices comparing with the anhydrate salts is mainly attributed to the 

weight of the fibrous silica substrate and CNT layer—the substrate material does not 

contribute to the water vapor sorption capacity. The available water capacity of the 

anhydrous salts and the water collection disks are compatible with the recently reported 

MOF materials. Thus, the experiment results further demonstrates that the anhydrous salt 

has the great potential for a cost-effective approach to harvest water from ambient air. 

The water harvesting device used in this work is only a prototype to provide the evidence 

of the salt-based water vapor sorbent concept. Further improvement should be made to 

increase the water collection performance. The improvement can be based on either 

sorbent selection or device design, for example, the water condensation surface/materials 

could be modified to have a special wetting behaviors or structures, higher thermal 

conductivity, etc.41-44  

The water absorption/desorption results indicate the successful water release for all three 

cases under sunlight irradiation. The CuCl2 is capable of capture water vapor at very low 

humidity; however, its available water capacity is not as high as CuSO4 and MgSO4. 

Among all three salts, MgSO4 shows the highest water capacity but requires a higher 

water sorption humidity. These results are consistent with the TGA, STA, and oven 

dehydration results.  
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Concerning the copper ions may exist in the collected water sample, which might be 

coming from the CuCl2 and CuSO4 water collection disk. The quality of the harvested 

water was inspected by the ICP-OES. It turns out that in both samples, the concentration 

of copper ions are below the detection limit of the instrument (i.e. 0.5 ppb), which are 

much lower than the World Health Organization (WHO) standard (i.e. 2000ppb).45    

Table 3-2. Available water of anhydrous salts and the referred water collection disk. 

 Anhydrous salt (g/g)a Water collection device 

(g/g)b 

CuCl2 0.27 0.21 

CuSO4 0.40 0.30 

MgSO4 0.45 0.35 

aWeight of water released per each gram of anhydrous salt. bWeight of water released per 

each gram of water collection disk.  

The performance of the water collection disk under weak sunlight irradiation was also 

determined. Four individual simulated sunlight intensities (i.e., 0.6, 0.7, 0.8, 0.9 kW/m2) 

are employed for the test. Figure 3-12 a demonstrates the good linear relationship 

between the surface temperature and the light intensity of the water collection disk. 

Figure 3-12 b-d show the time course of the photothermal-enabled water release curve by 

the water collection disk under sunlight irradiation of varied light intensity. 
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Figure 3-12. (a) Temperature profiles of the water collection devices under sunlight 

irradiation of different strength. (b)-(d) Photothermal induced water release of CuCl2, 

CuSO4, and MgSO4 based water collection disk, respectively.  

As can be seen, water release only observed when the disk temperature is >55 oC (i.e. 

light strength > 0.8 kW/m2) for CuCl2 (Figure 3-12 b). The threshold temperature for the 

CuSO4 water collection disk is 50 oC, corresponding to 0.7 kW/m2. The water release rate 

is quite fast after the temperature of CuSO4 based water collection disk is beyond the 

threshold value (Figure 3-12 c). The minimum required light strength for the MgSO4 

water collection disk is 0.7 kW/m2, while the water desorption kinetics shows a 

distinctive temperature-dependent behavior (Figure 3-12 d).  

The water desorption experiment conducted under different light strength highlight the 

importance of light strength in this process. For the CuCl2 water collection disk, it 



119 
 

requires a sunlight strength >0.8 kW/m2 and capable of absorbs water vapor from low 

humidity, which is typical preferred in dry and desert regions. For both CuSO4 and 

MgSO4 water collection disks, the light intensity requirement is >0.7 kW/m2, which 

pointed out that these two devices are suitable for the places with higher humidity but 

weaker sunlight than that of CuCl2.  

3.3.4 Stability test water collection disk.  

 

The stability assessment of the water collection disks are examined by 10 cycles’ water 

sorption/desorption test. Based on the previous results, the water collection disk of CuCl2 

and CuSO4 are first exposed at ambient with humidity of 60% RH and 22 oC for 5 h, 

while the MgSO4 based disk is exposed at same condition for 8.5 h. The dehydration 

process is conducted for 1.5 h under 1 kW/m2 simulated sunlight uniformly for all disks. 

The sorption/desorption cycle is repeated for 10 times. 

 

Figure 3-13. Stability test of (a) CuCl2, (b) CuSO4, and (c) MgSO4 water collection disk. 

The water release section was conducted by sunlight irradiation for 1.5 h, while the water 

absorption section was conducted by turn off the light and expose the disk to the 

atmosphere for 5 h (CuCl2, CuSO4) or 8.5 h (MgSO4). 
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All three water collection disks maintained a reasonable performance level after 10 

cycles’ stability test. For the CuCl2 water collection disk (Figure 3-13 a), the water 

capacity after the stability test slightly decreased to 92.3% of its initial capacity. For 

CuSO4 and MgSO4 disks, both maintain their full available capacity without any 

attenuation after 10 cycles.  

3.4. Supporting information 

 

3.4.1 Light absorbance behavior of CuCl2 water collection disk. 

 

Figure 3-14. (a) Reflectance curve of hydrated and anhydrate CuCl2 water collection disk. 

(b) Digital photo of the hydrated and anhydrate CuCl2 water collection disk. 

The light absorbance change of CuCl2 based water collection disk is shown in Figure 3-

14. Due to the dehydration of the salt, the color of the water collection disk changed from 

dark green to dark brown. The light reflectance of the hydrated disk and the anhydrate 

disk is displayed in Figure 3-14 a. As can be seen, ~60% reflectance deducted due to the 

dehydration of the disk. Thus lead to higher light absorbance and increase the 



121 
 

temperature of the disk during the test. This phenomenon also confirmed by the apparent 

color change of the water collection disk shown in Figure 3-14 b. 

3.4.2 Water collection prototype. 

 

A water collection prototype is fabricated based on the principle of collect the released 

water form salt-based water collection disk (Figure 3-15). The prototype device is mainly 

consists of 5 parts: (1) Transparent cap; (2) Water collection disk; (3) PDMS ring for 

proper sealing; (4) spring suspender; and (5) Metallic bottom container. The water 

collection disk is suspended with a plastic spring to ensure a proper thermal isolation. 

The disk and the spring are mounted inside the condensation bottom container, covered 

with a transparent cap. When the device is irradiated with sunlight, water vapor is 

released and condensed on the container surface due to the temperature gradient between 

the water collection disk and the container. As can be seen rom figure 3-15 b, liquid 

water is produced and collected inside the device.  

 

Figure 3-15. (a) Schematic of water collection device. (b) Digital image of the collected 

condensed liquid water.  
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3.5 Conclusion 

 

In this work, the anhydrous salt has been proved to be a good candidate as the low-cost 

water vapor sorbent. In conjunction with sunlight, the salt-based water collection device 

have a great potential to serve as the all self-powered atmospheric water generator and 

produce potable water in water scarce regions. Further research attentions should be 

warranted to improve the available water capacity of the device, photothermal energy 

efficiency, water condensation, and liquid water collection performance of the devices.  
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4. Chapter 4. Hybrid hydrogel for extended water production yield. 
 

4.1 Introduction 

 

Water shortage has become the major burden in many countries all over the world. 

According to the investigation report published by World Health Organization (WHO) 

and the United Nations (UN), in sub-Saharan Africa where the basic drinking water 

services are not accessible, women and children have no choice but to spend hours every 

day to collect potable water.1-2 Fortunately, there are 12900 billion tons of clean water 

preserves in the atmosphere, which is equal to ~10% of lake water preservation on Earth.3 

In view of widespread clean water scarcity, rapid population growth, and water resource 

contamination, atmospheric water harvesting has become an emerging technology and a 

promising approach to produce fresh water for the arid and landlocked regions.1-2, 4-6  

Atmospheric water harvesting (AWH) technologies has been investigated during past 

decades. Several ways of collecting atmospheric water have been developed, such as 

refrigeration-based dew collecting, sorption-based AWH, and fog harvesting. Among 

these means of AWH, fog harvesting is the most ancient way that directly collects the 

pre-existed water droplets floating in the air.7-10 Unfortunately, a constantly high ambient 

relative humidity (RH) that closed to 100% is required to maintain the climate condition. 

Thus, fog harvesting is only viable in very limited regions.11-13 The refrigeration-based 

dew collecting has been widely investigated and commercialized. The concept of the 

refrigeration-based dew collection method is that a cold surface is employed to cool 

down the surrounding air temperature below the dew point and collect the water droplets 

through condensation.14-15 However, the energy consumption is tremendous, and makes it 
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infeasible especially in the regions where the humidity is consistently low (RH<40%) 

yearly around or with limited access of electricity.16  

On the other hand, the sorption-based AWH involves water vapor sorbent to capture 

water vapor from air. The saturated water vapor sorbent can be heated up to release water 

with easily accessible low-grade energy as the heat source. Finally, the released water can 

be condensed by passive cooling surface and collected as the water product.17-18 One of 

the most advantage aspect for the sorption-based AWH is that its capability of harvesting 

water from dry air even with the relative humidity is lower than 20% without electricity 

requirements.19 Recently, photothermal process in conjunction with effective water vapor 

sorbent has been proved to be capable of delivering an all-in-one autonomous 

atmospheric water generator devices powered by solar energy.16, 19-20 In this case, the 

selection of an appropriate water vapor sorbent is the key to a successful solar-powered 

AWG. The sorbent should capable of capturing reasonable amount of water even when 

the atmospheric humidity is low. The absorbed water should be released at a relatively 

low temperature within a range of 70-90 oC, which could be achieved by photothermal 

materials under natural sunlight or even weakened sunlight intensity.21-24  

Typically, the conventional desiccants such as zeolite, activated alumina, and silica gel, 

displays a broad water vapor sorption window. The key feature of these desiccants is that 

their sorption behavior is mainly rely on physical adsorption, the energy required for the 

desorption process is proportional to the water-desiccant affinity. For these desiccants, a 

higher regeneration temperature (i.e. >160 oC) is required if the easier the water adsorbed 

onto the desiccant, and this temperature is not achievable for a simple photothermal based 
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heater under natural sunlight.25-28 In 2017 and 2018, a specific group of metal-organic-

frameworks (MOFs) is proved feasible for the delivery of potable water from dry air (i.e. 

RH 10-40%) under both lab and field condition.16, 19 Besides, anhydrate salt was also 

investigated as water vapor sorbent for AWH application. The salt are reported to be able 

to produce fresh water as much as 20% of their own weight under low RH (i.e. 10-

35%).20 

Deliquescent salts are able to sorb water vapor as much as 5-6 times of its own weight 

due to their high affinity with water (known as hygroscopicity), which is significantly 

higher than most porous sorbents.29-30 In fact, the sorbed water vapor ultimately dissolves 

the deliquescent salt and forms an aqueous solution of the salt with a much expanded 

volume. In 2016, Gido and co-workers proposed an AWH system that employs lithium 

chloride solution as water vapor sorbent, and the production of clean water can be in 

continuous mode. Based on their simulation, the energy consumption can be reduced by 

65% comparing with the conventional refrigeration- based dew water harvesting 

system.31  The hygroscopic property of the salt would break the physical constraint in 

terms of the water sorption capacity by the conventional solid-state desiccants as the pore 

volume set the upper limits. However, the liquid form of the salt lead to problems in 

engineering design, handling, and transportation for the application of deliquescent salts 

as water vapor sorbent. In this work, a cross-linked flexible hydrogel was used to hold the 

deliquescent salt solution in place, and the expandable hydrogel network provides an 

outstanding support platform. The expansion of the hydrogel break the constrains on the 

water vapor sorption performance by the deliquescent salt while keep the salt solution in 

a “solid form”. 



131 
 

The concept of deliquescent salt-hydrogel hybrid structure is demonstrated by a cheap, 

ecofriendly, nontoxic, and stable salt CaCl2. At the initial stage, the hydration reaction of 

the CaCl2 enables it to collect water vapor at low-humidity ambient (i.e. RH 10-25%) and 

the deliquescence subsequently captures more water into the dissolved salt with RH down 

to 26% at 25 oC. These features makes the CaCl2 an effective water vapor sorbent with a 

wide application range and a superior water uptake capacity. With a build-in 

photothermal component, the hybrid photothermal hydrogel captures 0.74, 1.10, and 1.75 

g of water for each gram of dry sorbent at RH of 35, 60, and 80%, respectively (The 

mixing ratio at the experiment condition are 6.5, 11.8, and 16.2 g/kgair). The sorbed water 

can be released almost at 100% under the irradiation of regular sunlight (i.e. light 

intensity of 1 kW/m2).  More importantly, the water uptake capacity of the hybrid 

hydrogel at RH 35% is three times higher than that of the CuCl2 and MOF-801 materials. 

Under the outdoor conditions (April 2018 at Thuwal, Saudi Arabia), a “house-hold 

assembled” and all-in-one AWG prototype was investigated. A disk-shaped dry hydrogel 

with dry weight of 35 g, collect 37 g of water vapor from the open air with RH ranged 

between 60-70%. The prototype device quickly produced ~20 g of fresh water within 2.5 

h under natural sunlight. Based on the performance of the prototype AWG and by 

extrapolation, the material cost of the AWG device to support 3 kg water per day for an 

adult (WHO standard, minimum daily water requirement) is estimated to be only $3.2 

USD. Thus, this technology provides a promising potential for the solution of clean water 

production in land-locked communities or in remote and arid regions. The extended water 

uptake capacity within a broadened RH range enables the hybrid hydrogel in this work a 
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versatile water vapor sorbent for both island and inland regions with low-to-high RH as 

well.  

4.2 Materials and Methods 

 

4.2.1 Chemicals and Materials 

 

Carbon nanotubes (CNTs), calcium chloride (CaCl2, 99%), and nitric acid (70 wt%), 

acrylamide monomer (AM, 99%, Sigma-Aldrich), N,N’-methylenbis(acrylamide) 

(MBAA, 99%, Sigma-Aldrich), potassium persulfate (KPS, 99%, Acros Organics), 

N,N,N’,N’-tetramethylethylenediamine (TEMED, 99%, Sigma-Aldrich) were purchased 

from Sigma-Aldrich and were used as received without further purification. Deionized 

(DI) water (18.2 MΩ) was generated from a Milli-Q system and was used throughout the 

experiments.  

4.2.2 Material Characterization 

 

The UV-vis-NIR absorption spectrum was obtained from an Agilent Cary 5000 UV-vis-

NIR spectrophotometer. Scanning electron microscope (SEM) images were captured on a 

FEI Nova Nano 630 microscope. X-ray diffraction (XRD) patterns were obtained from a 

Bruker D8 Advance diffractometer (Cu Kα, wavelength 1.5418 Å). The mechanical 

stretching test was conducted on an INSTRON 5944 universal testing system. The 

contact angle was measured on an OCA 35 (DataPhysics, Filderstadt, Germany) at 

ambient temperature with the water droplet volume of 5 μL as the indicator. The water 

quality of the final product was tested by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES, Optima 8300, PerkinElmer, Inc.).  
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4.2.3. Fabrication of Polyacrylamide (PAM)-CNT-CaCl2 hydrogel 

 

Pretreatment of CNT. The pretreatment of as-purchased CNTs are followed with the 

previous method. Briefly, 6.0 g of CNTs with dimension of 6-9 nm × 5 μm was dispersed 

into an oxidative mixture (70 wt% nitric acid 60 mL and 97% sulfuric acid 180 mL). The 

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

treated CNT dispersion was then filtrated and thoroughly washed by DI water prior use.  

Fabrication of PAM-CNT-CaCl2 hydrogel. A 1.0 aliquot of AM was mixed in 5 mL of 

CNT dispersion with a specified amount of CNT contained (i.e., 2.500, 1.250, 0.500, 

0.375, 0.250, 0.125, 0.050 and 0.025 mg). The AM-CNT mixture was purged with 

nitrogen to eliminate dissolved oxygen. Then, 5.00 mg of KPS was added as the initiator 

followed by add 0.38 mg of MBAA as crosslink agent. Next, 25 μL of TEMED was 

added as the cross-linking accelerator. After the mixture was settled overnight, PAM-

CNT hydrogel can be obtained. The loading of CaCl2 is conducted by freeze drying of the 

as-prepared PAM-CNT hydrogel at -80 oC and subsequently immersed the freeze-dried 

polymer crosslink into 10 mL of CaCl2 solution with varied concentration (i.e. 0.1, 0.2, 

0.3, 0.4, 0.5, and 0.6 g/mL) for 24 h (ambient condition, RH 60%, 22 oC). The as-

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

4.2.4. Water Sorption Experiments.  

 

The water vapor sorption property of the samples were tested on a NETZSCH Jupiter 

simultaneous thermal analyzer (STA) 449 measurement system in conjunction with a 

modular humidity generator (MHG, ProUmid). For the dynamic RH test, the humidity 
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generator was programmed to purge nitrogen flow with varied humidity along with 

different equilibration time. To release the sorbed water in the test samples, the STA 

furnace was heated up to 80 oC and kept for 2 h with a constant RH of 1.5%. Then, the 

STA furnace was cooled down to 25 oC and carried out the water vapor sorption test. The 

humidity was programmed to increase step-by-step from 5%-30% with a step interval of 

5% and an equilibration time of 60 min. For the RH range between 30-80%, the step 

interval and step equilibration time was tuned to be 10% and 60 min, respectively. For 

the static RH test mode, the humidity generator was programmed to purge nitrogen flow 

with static RH and an unchanged equilibration time of 1000 min. 

4.2.5. Solar Photothermal Assisted Water Release, Device Fabrication, and Their 

Performance Measurement Outdoors.  

 

In order to reach the saturation state of the samples, the as-prepared PAM-CNT-CaCl2 

hydrogel was fist exposed to the ambient with a humidity of RH 60% and temperature of 

22 oC for 36 h. Then the saturated hydrogel was directly exposed to the simulated 

sunlight (Oriel solar simulator, Newport) at specific light intensity (i.e., 0.6, 0.8, and 1.0 

kW/m2). The weight change of the hydrogel throughout the test was monitored and 

recorded by a computer-connected electronic balance. The temperature change of the 

hydrogel was measured and recorded by IR camera. To investigate the stability of the 

hydrogel sample, the water sorption/desorption test were cycled for 10 times under 1 

kW/m2 simulated sunlight intensity.  

An “easy-to-assemble-at-household” and all-in-one AWG device was designed and 

assembled for the outdoor field test. The device used a disposable plastic launch box as 



135 
 

the primary container, a metal dish made by aluminum foil was used as the isolator, and 

pieces of copper foil as heat conductor and condenser. The plastic launch box lid was cut 

to open a 10×10 cm2 hole, which was covered with a piece of antifogging glass as the 

sunlight entrance. The AWG device with a round-shaped hydrogel disk in it was first 

kept in the outdoor condition (RH 60-70% ) for 17 hours over night without capping.  

Then the launch box was capped and the device was placed outside during daytime for 

2.5 h (13:20-15:50) on April 29, 2018 at KAUST campus. The liquid water was 

condensed and collected inside the launch box. A magnifying glass was further combined 

with another AWG device as a different configuration, and its water release performance 

was investigated.  

4.3 Results and Discussion 

 

This work presents a novel hybrid water vapor sorbent for AWG application with 

enhanced water uptake capacity. The sorbent is in a form of hydrogel and composed with 

deliquescent salt and polymer crosslink. The deliquescent salt (CaCl2 in this work) is 

responsible for water vapor sorption and is imbedded inside the hydrogel polymer 

crosslink. The hydrogel crosslink holds and keeps the deliquescent salt solution in a solid 

form, meanwhile, the flexible expansion behavior of the hydrogel ensures the pore 

volume not a limitation for water uptake and thus enhanced the water vapor sorption 

capacities beyond the conventional desiccants with rigid structures. Besides, an all-in-one 

AWG device with simple configuration is assembled to demonstrate the working 

principles and performance under outdoor conditions. The concept of this work can be 

illustrated into three steps (Figure 4-1): (1) The hybrid hydrogel captures water vapor 
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from open air during night when the humidity is higher while the temperature is lower. 

(2) Assisted by photothermal process, water is released from the heated saturated 

hydrogel sorbent in a closed condensation chamber during the daytime, and sunlight is 

the only energy source. (3) The released water vapor is condensed by air-cooling 

chamber (passive cooling condensation) and the collection of the condensed water takes 

place simultaneously.  

 

Figure 4-1. Conceptual design of the hybrid hydrogel as AWG. Water vapor can be 

sorbed at nighttime, and released during daytime under assistance of sunlight. The 

flexible property of hydrogel substrate ensures the unsuppressed water vapor sorption 

capacity.  

4.3.1 Synthesis of PAM-CNT-CaCl2 hydrogel 

 

Due to the water retaining ability, low cost, flexibility, and chemical stability, PAM is 

selected as the polymer crosslink to forms the hydrogel hybrid structure in this work.32-35 

As has been demonstrated in the literatures, CNT is employed as the photothermal agent 
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due to its superior light absorbance, chemical stability, and outstanding light-to-heat 

conversion efficiency.36-37 In this work, PAM-CNT hydrogel was prepared by in situ 

polymerization of AM monomer with the presence of CNTs (Figure 4-2, step 1 and 2). A 

freeze-drying process was employed to make the hydrogel into macroporous structures 

(Figure 4-2, step 3). Finally, the PAM-CNT-CaCl2 hydrogel was synthesized by 

immersing the freeze-dried macroporous polymer crosslink into the CaCl2 aqueous 

solution (Figure 4-2, step 4) and subsequently dried in box oven to eliminate residual 

water (Figure 4-2, step 5). 

 

Figure 4-2. Schematic of PAM-CNT-CaCl2 hydrogel synthesis process. 

The rigidity of the hybrid hydrogel is highly depended on the amount of polymer applied, 

which can be tuned by changing the AM monomer ratio in the synthesis process.38 In this 

work, the optimized amount of the AM monomer is 20 wt% in monomer to solvent ratio 

based on the following aspects and the investment cost consideration. First, the 20 wt% 

monomer ratio is the appropriate value at which the hydrogel demonstrates a standalone 
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solid form with a sufficient structural stability. When the AM monomer-loading ratio is 

below 20 wt%, the hydrogel exhibits sticky and thick-liquid-like structure. Second, 

increasing the monomer loading ratio above 20 wt% does not show any noticeable 

benefit towards the enhancement of water sorption and release.  

Figure 4-3a displayed the UV-vis-NIR spectrum of water, demonstrating a strong 

absorption of NIR light at the wavelength range above 1400 nm.39-40 Thus, the 

introducing of photothermal agent CNT is to increase the light absorption ability from 

240-1400 nm.41-42 Figure 4-3b compares the UV-vis-NIR absorption spectrum within the 

wavelength rage of 240-1400 nm of PAM-CNT hydrogels with a fixed thickness (i.e. 

same light path length) of 5 mm but varied CNT loading amounts. As can be seen clearly, 

a tiny amount of CNT (i.e. in ppm level) in the hydrogel will leads to a significantly 

increase in light absorbance. When the loading ratio of CNT is only 0.083‰, 99% of the 

incident light could be absorbed. In this work, the loading ratio of CNT was set to be 

0.42‰, where the light absorbance is close to 100%. 

Figure 4-3c and d displayed the SEM image of the freeze-dried PAM hydrogel polymer 

crosslink. As can be seen, the PAM sample demonstrate a porous structure with an 

averaged wall thickness of ~100 nm and a pore diameter of 3 μm. For the PAM-CNT 

sample, the wall thickness remained unchanged while the pore diameter was shrink to ~ 2 

μm (Figure 4-3e and f).  



139 
 

 

Figure 4-3. UV-vis-NIR spectra of (a) water and (b) PAM-CNT hydrogels with varying 

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

different CNT loading amount. SEM images: (c, d) PAM and (e, f) PAM-CNT. 

The deliquescent salt CaCl2 was loaded into the PAM-CNT hydrogel by solution-based 

impregnation method. In doing so, a piece of 5 cm3 of the as-freeze dried PAM-CNT 

composite was immersed into 10 mL of CaCl2 aqueous solution. The concentration of 

CaCl2 solution is 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 g/mL respectively, and the impregnation 

time is 24 hours. Figure 4-4 shows the volume of hydrogels expanded in response to the 

immersed concentration of CaCl2 solution. After the 24 hours impregnation, for the 

hydrogels immersed in the CaCl2 solution with low salt concentration level (i.e. 0.1, 0.2, 

0.3, and 0.4 g/mL), almost 100% of the solution was captured and retained inside the 

polymer crosslink. In the case of solutions with higher salt concentration (i.e. 0.5 and 0.6 

g/mL), only 62 and 50% of the CaCl2 solution were incorporated into the polymer 
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network. This phenomenon is presumable due to the decreased swelling ratio of the 

PAM-CNT hydrogel within highly concentrated salt solution. In the first place, it has 

been reported the coordination between Ca2+ and carbonyl oxygen (C=O) of PAM 

enhances the physical crosslinking of PAM chains. In the second place, the “salting out” 

effect leads to the shrinkage of the PAM’s hydrodynamic volume and overlap of the 

PAM chains.  Both effects decreases the swelling ratio of the PAM-CNT hydrogel. The 

experimental results are similar to the as-reported deduction of solubility of PAM in 

water at high concentration of salt.43-46 The weight loading of CaCl2 into the polymer 

network was estimated by the weight difference between the dried samples before and 

after salt loading. For each gram of dry PAM-CNT, 1.0, 2.0, 3.0, 4.0, 3.1, and 3.0 g of 

salt was loaded, corresponding to the CaCl2 solution concentrations of 0.1, 0.2, 0.3, 0.4, 

0.5, and 0.6 g/mL respectively. Obviously, the immersion solution with a CaCl2 

concentration of 0.4 g/mL gives the highest salt loading among all.  

 

Figure 4-4. Digital photos of pre-dried PAM-CNT hydrogels immersed in CaCl2 

solutions with different salt concentrations.  
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To investigate the water vapor uptake capacity of the hybrid hydrogel sorbents with 

varied CaCl2 loading amounts, the as-dried hydrogels were placed under constant 

humidity for 36 h to achieve their saturation sorption state. Two humidity conditions (i.e. 

35 and 60%) were tested and the water vapor sorption results are displayed in Figure 4-

5a. In both humidity conditions, the CaCl2 weight loading amount of 4.0 g/g, 

corresponding to the 0.4 g/mL salt solution during immersion process, gave the highest 

water uptake capacity among all samples examined. Thus, PAM-CNT-CaCl2 hydrogels 

with the CaCl2 weight loading of 4.0 g/g is selected as the optimized sample for further 

investigation thereafter. Figure 4-5b presents the digital photos of CaCl2 salt before and 

after the water vapor sorption test. As can be seen, the white solid-state CaCl2 was 

thoroughly liquidized into a colorless transparent solution after the salt being exposed in 

the ambient air with RH of 60%. Figure 4-5c displays the digital photo of PAM-CNT-

CaCl2 hydrogels before and after the water sorption tests under same condition. By the 

end of the sorption test, the hydrogel significantly expanded in volume but still persisted 

a solid form like a soft rubber.  

 

Figure 4-5. (a) The saturation water content of PAM-CNT-CaCl2 hydrogel with varied 

CaCl2 loading at RH 35% and RH 60%. The weight gain (%) is relative to the dry weight 
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before the sorption. (b) are the digital photos of CaCl2 (b-1) before and (b-2, b-3) water 

vapor sorption. (c) are the digital photos of PAM-CNT-CaCl2 hydrogel (c-1) before and 

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

a plastic tube indicating its flexible and stable structure.  

The physical stability of the hydrogel was also investigated to test their mechanical 

property (Figure 4-6). As seen, the failure tensile strengths for the PAM-CaCl2 and PAM-

CNT-CaCl2 hydrogel were 32.7 and 35.1 kPa, respectively. The elastic deformation was 

as high as 1250% for PAM-CaCl2 and 560% for PAM-CNT-CaCl2.  

 

Figure 4-6. (a) Strain-stress curve of PAM-CaCl2 hydrogel. The dimension of the sample 

between the two clamps used for stretching was 7.8×2.1×20 mm3. (b) Strain-stress curves 

of PAM-CNT-CaCl2 hydrogel. The dimension was 7.5×2.0×20 mm3, both samples had 

the same water content (41 wt%), and both tests were carried out at a stretching speed of 

200 mm/min. The original length between two clamps were 20 mm for both samples.  

4.3.2 Water Vapor Sorption Assessment.  
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The water vapor sorption properties of the hybrid hydrogel sorbent were investigated in 

details under both dynamic and static humidity condition. A temperature of 25 o was set 

and maintained throughout the water vapor sorption process for all samples. The choice 

of 25 oC is because that this is the temperature typically in arid regions during night when 

water vapor sorption takes place. The samples for the water vapor sorption test were 

thoroughly dried prior to the assessment. In the dynamic humidity condition, the samples 

were placed in a nitrogen flow with a stepwise increasing RH for a specific period. For 

the static condition, the humidity kept unchanged throughout the water vapor sorption 

test. The detailed STA programs and humidity conditions are provided in the 

“Experiments and Methods” section. 

 

Figure 4-7. Water vapor sorption curves of (a) (b) PAM hydrogel and (c) (d) PAM-CNT 

hydrogel. 
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The dynamic RH test was first applied to the PAM and PAM-CNT to investigate the 

water vapor sorption behavior of the substrate material in the absence of CaCl2 (Figure 4-

7a and c). Both samples demonstrates a similar water vapor sorption characteristic. In the 

low humidity range (i.e. RH< 40%, mixing ratio < 7.9 g/kgair), the water vapor sorption 

performance for the PAM was slightly higher than that of PAM-CNT. For the high 

humidity range, no obvious difference could be observed. The water vapor sorption 

behaviors from the static RH test (Figure 4-7b and d) indicates that PAM and PAM-CNT 

gradually reached their water vapor uptake value close ot their saturation state within 400 

min. By the end of the test, the weight change due to the water vapor sorption are 32 and 

38 wt% in RH 80%, respectively.   

Figure 4-8 displays the water vapor sorption curves of CaCl2, PAM-CaCl2, and PAM-

CNT-CaCl2. As can be seen in figure 4-8d and g, both PAM-CaCl2 and PAM-CNT-CaCl2 

shared a similar humidity-dependent water vapor sorption behavior in dynamic water 

vapor sorption measurement. The water vapor sorption phenomenon for both samples 

were started at low humidity (i.e. RH 5%), and gradually increased with the increase of 

the pre-programmed humidity value. The water sorption amounts in this occasion is 

much higher than that of samples without CaCl2 loaded under otherwise same conditions. 

For the static RH test, the water vapor sorption curves under different RH conditions are 

recorded in Figure 4-8e and h. With the RH of 10, 35, 60, and 80%, the water vapor 

sorption amounts by the end of the test were 6, 72, 116, and 203% for PAM-CaCl2 and 5, 

69, 110, and 173 for PAM-CNT-CaCl2, respectively. The water vapor uptake by PAM-

CaCl2 and PAM-CNT-CaCl2 at RH 80% were 6.3 and 4.5 times the weight of the 
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respective hydrogels without CaCl2 loaded, which clearly demonstrated the effectiveness 

of CaCl2 in water vapor sorption.  

 

Figure 4-8. Water vapor sorption curves of (a-c) CaCl2, (d-f) PAM-CaCl2, and (g-i) 

PAM-CNT-CaCl2. (a, d, g) Dynamic curves, (b, e, h) static curves, and (c, f, i) derivative 

weight change curves. The weight change in percentage (%) is relative to the dry sample 

weight before the sorption. 

The water vapor sorption behavior of the PAM-CaCl2 and PAM-CNT-CaCl2 is quite 

similar to that of pure CaCl2 salt (Figure 4-8a and b). The only difference is in the 

specific sorption amount, indicating that CaCl2 plays the primary responsibility for the 
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water vapor sorption performance of PAM-CNT-CaCl2. Considering the fact that the 

water-CaCl2 phase diagram has been well studied and can be easily accessed in the 

literatures, we believe it can be employed to illustrate the water vapor sorption behavior 

of the PAM-CNT-CaCl2 hydrogel.47 There are two primary stages for the CaCl2 

regarding to the water vapor sorption process. First, the anhydrous CaCl2 salt absorbs 

water molecules through hydration reaction and forms hydrates. Second, after the CaCl2 

absorbs enough water from air and forms CaCl2·6H2O hydrate, the dissolve of the salt 

start as more water is sorbed. The vapor pressure of a saturated CaCl2 aqueous solution is 

0.9 kPa at 25 oC, equivalent to a relative humidity of 26% at same temperature (mixing 

ratio 4.9 g/kgair). Thus, the water vapor sorption behavior by CaCl2 at a humidity lower 

than 26% is mainly attributed to the increasing of the hydration water. After the relative 

humidity is higher than 26%, a deliquescence of CaCl2 salt and dilution of CaCl2 aqueous 

solution will occurred, which is lead by the hygroscopic property of CaCl2. The critical 

point of RH 26% could be different with the alternated ambient temperature.  

Theoretically speaking, the water vapor sorption stage for the pure anhydrous CaCl2 

should be ended as CaCl2·6H2O, with a weight gain of 97%. However, in the practical 

scene, the hydrate molecules of water of CaCl2·2H2O is hard to be removed unless the 

temperature is higher than 160 oC.48 In this work, the samples were dried at 80 oC, as 80 

oC is a reasonable value that can be achieved by photothermal process under non-

concentrated regular sunlight. Thereby, the CaCl2 in the PAM-CNT-CaCl2 hydrogel after 

the 80 oC-drying process was mainly a mixture of CaCl2·2H2O and CaCl2·4H2O. This 

composition has been confirmed by XRD analysis (Figure 4-9) and the phase diagram.  
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Figure 4-9. XRD pattern of deliquescent CaCl2 salt dried in 80 oC box oven, indicating 

the primary dried components are the mixture of CaCl2·2H2O and CaCl2·4H2O. 

Since the loading ratio of CaCl2: PAM-CNT is 4:1, the overall weight change lead by 

hydration reaction of CaCl2 should be insignificant during the water vapor sorption 

process (i.e. 30%), which is only a small portion of the overall water vapor uptake 

amount. This investigation demonstrates that most of the water vapor sorption behavior 

for the hybrid hydrogel sorbent is contributed by the deliquescence of the CaCl2. 

Furthermore, the amount of water uptake is highly dependent on the humidity of the 

surround ambient. Thus, the water vapor sorption continuously increases with the 

growing of humidity, which enables CaCl2 a broad water vapor sorption window as 

displayed in Figure 4-8a, d, and g. 

The water vapor sorption kinetics of CaCl2, PAM-CaCl2, and PAM-CNT-CaCl2 were 

investigated based on the derivative weight change from the static RH test (Figure 4-8c, f, 

i). A small water vapor sorption rate can be observed at RH 10% (mixing ratio 2.0 g/kgair) 
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for all three samples within first 200 min. The sorption rate quickly drops to nearly zero 

after 200 min sorption test, which implies a limited water vapor sorption behavior. When 

the humidity is higher than 10%, both PAM-CaCl2 and PAM-CNT-CaCl2 share a similar 

sorption behavior to that of CaCl2, but with a superior sorption rates. This phenomenon 

may attributed to the porous structure of the freeze-dried hydrogel polymer crosslink. By 

the end of the static RH test (1000 min), the water vapor sorption rate of PAM-CaCl2 and 

PAM-CNT-CaCl2 are quite close to zero, indicated the achievement of the saturation 

capacity at the definite relative humidity of 10, 35, 60, and 80. However, the pure CaCl2 

salt failed to achieve its saturation state at RH 35, 60, and 80% within 1000 min-test. This 

might be due to the liquid characteristics after deliquescence—water sorption only occurs 

on the boundary layer at the air-CaCl2 solution interface.   

As a brief conclusion based on the water vapor sorption assessment test, the water 

sorption behavior of PAM-CaCl2 and PAM-CNT-CaCl2 is mainly contributed by CaCl2. 

Meanwhile, the hydrogel substrate does not inhibit the water vapor sorption performance. 

Most importantly, the hydrogel network not only provides the physical stability of the salt 

but also enhaces the water vapor sorption kinetics, indicating a faster vapor sorption rate 

than that of pure CaCl2 salt. It has to be emphasized that the weight change displayed in 

figure 4-8d, g are the integrated value throughout the completely humidity range, which 

does not reflect the water vapor sorption performance of the sorbent at a definite 

humidity value. The water vapor sorption performance was also compared with other 

solid-state water vapor sorbent, and has been displayed a superior water uptake capacity 

(Table 4-1).  
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Table 4-1. Water sorbent capacity. 

Water absorbent Relative humidity (%) Water uptake  

g/gdry adsorbent 

Reference 

Type-A silica gel 100 0.40 S1 

Type-RD silica gel 93 0.45 S1 

Silica gel 77 0.34 S1 

MCM-41 60 0.36 S2 

MCM-41 64 0.08 S3 

MCM-48 59 0.08 S3 

KIT-1 60 0.45 S3 

SBA-1 79 0.42 S3 

SBA-15 67 0.14 S3 

Zeolite-X 60 0.29 S4 

Zeolite-4A 63 0.20 S5 

Zeolite-Y 63 0.36 S6 

Zeolite-5A 50 0.25 S7 

Zeolite-13X 57 0.26 S7 

MOF-801P 60 0.35 S8 

MOF-801SC 60 0.27 S8 

MOF-802 60 0.08 S8 

MOF-808 60 0.56 S8 

MOF-841 60 0.48 S8 

MOF-804 60 0.34 S8 

MOF-805 60 0.29 S8 

MOF-806 60 0.26 S8 

Alumina 67 0.14 S9 

AA-300 activated 

alumina 

60 0.18 S10 
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Thone-Powlenc 

activated alumina 

60 0.14 S10 

F-200 activated 

alumina 

63 0.25 S11 

Clay-Montmorillonite 75 0.28 S12 

Clay-Kaolinite 75 0.009 S12 

Clay-Illite 75 0.07 S12 

PAM-CNT-CaCl2 35 

60 

80 

0.74 

1.10 

1.75 

This work 

This work 

This work 

 

4.3.3 Water Release under Sunlight. 

 

 

Figure 4-10. Time course of temperature and weight change of (a) PAM-CaCl2, (b) 

PAM-CNT-CaCl2 under 1 kW/m2 simulated sunlight irradiation. (c) Temperature and (d) 

weight change profiles of PAM-CNT-CaCl2 irradiated under varied sunlight strength. (e) 
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IR image of PAM-CaCl2 under 1 kW/m2 sunlight irradiation, PAM-CNT-CaCl2 under 

0.6, 0.8, and 1.0 kW/m2 irradiation, respectively. (f) Stability test of PAM-CNT-CaCl2. 

Blue shading highlights the first sorption-and-release-cycle, and residual weight in 

percentage (%) is a relative value to the total amount of the water sorbed by the hydrogel 

during 36 h saturation. 

In the conceptual of the solar-powered AWG, sunlight is employed to increase the 

temperature of the sorbent via photothermal effect, thus water can be released and 

collected from the sorbent. In this work, the photothermal-induced water release 

performance of the hydrogel sorbent were investigated with a simulated sunlight in the 

lab condition. PAM-CaCl2 and PAM-CNT-CaCl2 were first placed at in the air with 

humidity of RH 60% and temperature of 22 oC for 36 h to ensure the full water sorption. 

The water content in weight percentage of the two saturated hydrogels were 53.7 and 

54.5 for PAM-CaCl2 and PAM-CNT-CaCl2, respectively. The hydrogels (5 g) were 

exposed under the simulated sunlight (1 kW/m2) to investigate their photothermal water 

release property. For the PAM-CaCl2 hydrogel, the surface temperature increased to 35 

oC after irradiated by simulated sunlight for 50 min, and then slowly approached to 

~42oC after 275 min. In this case, the temperature increase is mainly contributed by the 

light absorption of water, as discussed in Figure 4-3a. The surface temperature of the 

hydrogel is determined by the energy balance. Within the first 50 min of light irradiation, 

there is a relatively faster water release rate, thus a large amount of heat can be dissipated 

and leads to a low surface temperature of the hydrogel (Figure 4-10a). During the 

evaporation process, due to the loss of water, the water content in the hydrogel decrease 

and the salt concentration grow, leads to a reduced water evaporation rate. Consequently, 
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the heat dissipation by water evaporation process drops to a lower level, moving the 

balance towards a higher equilibrium temperature. By the end of the test, the surface 

temperature of the PAM-CaCl2 hydrogel achieves 42 oC, and the weight loss of the 

hydrogel was 25% due to the release of water. Thus, the result indicates that only no 

more than half of the water inside the PAM-CaCl2 hydrogel could be released under one 

sun irradiation. 

For the PAM-CNT-CaCl2, its surface temperature increased to 50 oC within first 25 min, 

which is 15 oC higher than that of PAM-CaCl2. This temperature difference convincingly 

indicated the photothermal effect of the CNTs in the PAM hydrogel. Besides, due to the 

higher temperature, PAM-CNT-CaCl2 should possessed a much higher evaporation rate 

than the PAM-CaCl2. Subsequently, the water evaporation rate gradually decreased along 

with the rise of the surface temperature. By the end of the 270 min test, the surface 

temperature of PAM-CNT-CaCl2 reached 75 oC and the weight loss due to water 

evaporation was ~53%, indicating ~97% of sorbed water inside the hydrogel was 

released. Since most of the sorbed water being released from the hydrogel, the heat 

dissipation through radiation, convection, and conduction comprise the major role to 

balance the constant solar energy input. Therefore, the surface temperature of hydrogel 

displays a plateau in the last stage within a range of 180-270 min (Figure 4-10b). 

Figure 4-10c and d displays the temperature and weight change time course of PAM-

CNT-CaCl2 irradiated under sunlight with different light strength. The observed 

temperature at 270 min under 0.6, 0.8, and 1.0 kW/m2 irradiation was 55, 66, and 75 oC, 

and the IR images of the respective tests were shown in Figure 4-10e. The weight change 
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of the hydrogel under corresponded light strength were 44, 49, and 53%, respectively, 

equivalent to 80, 89, and 97% of the overall sorbed water. This experiment indicated that 

most of the water could be effectively released even under weakened sunlight. Thus, the 

photothermal-assisted water release test demonstrate that PAM-CNT-CaCl2 hydrogel has 

a great potential as an effective AWG working within a broad range of humidity and 

sunlight conditions. 

The stability of the hydrogel was investigated by cycling test. The water vapor sorption 

process was conducted by exposing 2.5 g of the pre-dried hydrogel in an open air for 36 h 

with a temperature of 22 oC and RH of 60% in the dark. The photothermal release 

process was conducted by irradiate the water-sorbed hydrogel under one sun for 5 h. The 

water sorption/release cycle was repeated for 10 times, and the results are shown in 

Figure 4-10f. As can be seen clearly, no distinct degradation of sorption/ desorption 

performance can be observed after 10 cycles test, demonstrates its long-term operational 

stability. It has to be mentioned that instead of matching the 24-hour time scheme of daily 

cycle, the cycling test was conducted based on the time scheme of 36 h water vapor 

sorption and 5 h water release process. Thus, this result can be treated as a reference 

value to evaluate the stability of PAM-CNT-CaCl2 hydrogel.  

4.3.4 Solar Water Collection Devices. 

 

In light of practical application, a field test in the outdoor condition was conducted. An 

all-in-one device with very simple configuration was fabricated by using easily available 

and cheap commercialized and easily available materials. The structural configuration of 

the “Easy-to-Assemble-At Household” AWG is shown in Figure 4-11a. The device 
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consisting of (1) a plastic disposable box as container, (2) aluminum foil as isolator and 

copper foil as heat conductive sidewall, (3) transparent cap, and (4) PAM-CNT-CaCl2 

hydrogel. The selection of copper as the side wall is because it possesses a high thermal 

conductivity, which is beneficial to the condensation of water vapor on its plate surface 

using ambient air as coolant. The driving force for the condensation process is the 

temperature and partial pressure gradient between the warm PAM-CNT-CaCl2 hydrogel 

and the cold copper surface of the container wall. The photothermal-heated hydrogel 

produces a water vapor with higher partial pressure in the surrounding air within the 

container, which is beyond the saturated vapor pressure of water at same condition. When 

the released water vapor contact the cold copper wall, it condenses and produces liquid 

water. The digital photo of the prototype device is shown in Figure 4-11b. 

 

Figure 4-11. (a) Schematic and (b) digital photo of the water collection device based on 

PAM-CNT-CaCl2 hydrogel. (c, d) Dimension illustration of PAM-CNT-CaCl2 hydrogel 

used in this work. (e) Condensed water on the sidewall of the box during water collection 

process. (f) Digital image of the hydrogel after water release process. (g) Photo of water 
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collected from (f). (h) Weather data during the period of the field test. The sunlight-

assisted work was conduct on April 29, 2018, at KAUST, Thuwal, KSA. 

A quality of 35 g of round-shaped dry hydrogel was placed inside the container, and the 

device was settled outdoors overnight (5 pm, April 28 to 10 am, April 29, 2018) on 

KAUST campus at Thuwal, KSA. The average temperature during the night was 26 oC 

and the humidity of RH 60-70% (mixing ratio 12.6-14.3 g/kgair). The hydrogel captured 

37 g of water during the night within the period of water vapor sorption. Figure 4-11c, d 

shows the dimension of the water-loaded hydrogel that will be used in the water 

collection device. The outdoor test was conducted under natural sunlight without any 

concentration. The water release and collection experiment started at 13:20 local time 

(GMT+3), and around 20 g of fresh water was collected inside the container within 2.5 h 

(Figure 4-11e-g). The weather data of the testing period can be found in Figure 4-11h. 

The fact that only 20 g of water was collected out of 37 g of overall harvested 

atmospheric water can be explained as follows: (1) Significant amount of water droplets 

sticking on the container wall and not yet been counted as collected water. (2) The water 

release was took place within a close chamber, where  a higher temperature is expected 

than the case of the test in the open air. Besides, due to a much higher water vapor partial 

pressure inside the closed chamber, the water release performance was inhibited. (3) The 

prototype was designed to be easily accessible with cheap materials, without further 

optimization of the energy efficiency. Nevertheless, the field test indicate the availability 

of the AWG prototype, and its building materials can be very diverse, including plastic 

wrap/bag, glass jar, empty can, and so on.   
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This work was also compared with the conventional cooling-based AWH using moist 

harvesting index (MHI). In 2016, Gido and co-workers first introduced the MHI, which 

can be used to evaluate the relationship between AWH water production yield and the 

energy consumption under varied climate conditions in the cooling-based AWH 

process.49 The MHI can be expressed as following equation: 

𝑀𝐻𝐼 =
𝑟𝑖−𝑟0

ℎ𝑖−ℎ0
× ℎ𝑓𝑔                                                                 Equation 4-1 

Where ri, r0, hi, and h0 are the mixing ratio of the inlet air, outlet air, specific enthalpy of 

inlet air, and specific enthalpy of outlet air, respectively. Hfg is the enthalpy of 

condensation. In this work, two different conditions were substituted in the MHI 

calculation. The first one is RH 35%, 25 oC, which is the parameters used during STA-

based water sorption test. The other one is RH 60%, 26 oC, which is the actual climate 

condition of water harvesting process during the outdoor test.  

The specific enthalpy of moist air can be calculated with equation 4-2: 

ℎ = ℎ𝑎 + 𝑟 × ℎ𝑔                                                                      Equation 4-2 

Where h, ha, and hg are the enthalpy of moist air, specific enthalpy of dry air, specific 

enthalpy of water vapor in kJ/kg. R is the mixing ratio in kgwater/kgair. 

ℎ𝑎 = 𝑐𝑝𝑎 × 𝑇                                                                            Equation 4-3 

Where Cpa is the specific heat of air, which is a constant value of 1.006 kJ/kgoC, T is the 

temperature in oC. 

ℎ𝑔 = ℎ𝑔
0 + 𝑐𝑝𝑤 × 𝑇                                                                  Equation 4-4 
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Where hg
0 is the specific enthalpy of water vapor at 0 oC (2501 kJ/kg), cpw is the specific 

heat of water vapor at constant pressure, which is 1.84 kJ/kgoC. Thus: 

ℎ = 𝑐𝑝𝑎 × 𝑇 + 𝑟 × (ℎ𝑔
0 + 𝑐𝑝𝑤 × 𝑇)                                      Equation 4-5 

ℎ(𝑘𝐽 𝑘𝑔⁄ ) = 1.006𝑇 + 𝑟 × (2501 + 1.84𝑇)                     Equation 4-6 

The parameters used substituted in the calculation and the final obtained MHI can be 

found in Table 4-2, as follow: 

Table 4-2. Calculation of the MHI. 

 RH 35%, 25 oC RH 60%, 26 oC 

Mixing ratio (ri) 6.48 gw/kga 12.57 gw/kga 

Specific enthalpy (hi) 41.65 kJ/kg 58.19 kJ/kg 

MHI 0.16 0.46 

 

As can be seen, the energy consumption for the production of a unit weight of water is 

largely increased for the condition with a humidity of RH 35% at 25 oC than that of RH 

60%, 26 oC. The MHI results demonstrate that the AWH process in continuous process is 

highly dependent on the ambient condition. For such a situation, our sorption based 

AWG which employs batch process demonstrates its advantage, the sorption and 

desorption stages are separated, water production yield can be enhanced by involving 

multiple hydrogels plus multiple daily operation cycle. As a result, even the climate 

condition has a MHI of only  0.16, where sorption-based AWH is not preferred, the 

PAM-CNT-CaCl2 hydrogel can still possess an acceptable water production yield. For the 
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conditions with higher MHI, both the direct-cooling technology and the sorption-based 

technology can be used as AWG. 

 

Figure 4-12. (a) Schematic of AWG prototype based on PAM-CNT-CaCl2 hydrogel. (b) 

Digital image of water collection device and water condensate on the surface of the 

copper sidewall after the test was conducted for 10 min (b1) and 60 min (b2). 

To further enhance the performance of the device, a commercial magnifying glass was in 

conjunct with the previous design with minimal adjustment. The modified device 

contains three major parts: (1) a set of commercial magnifying glass for the incoming 

beam concentration, (2) a PAM hydrogel and (3) a box-shaped container with a 

transparent plate cap. The transparent cap the box-shaped container (polystyrene box in 

this case) was pre-treated by surfactant coating to prevent fogging. One of the container 

sidewall was made of copper plate served as the condensation surface. For the AWH test, 

5 g of water-loaded hydrogel with a water content of ~2.65 g was placed into the 

modified device, and the device was irradiated by simulated sunlight. Figure 4-12 a,b 

displays the schematic and digital photo of the device, respectively. Condensed water 

droplet can be clearly observed on the copper surface after 10 and 60 min. By the end of 
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the 2-hour test, 2.6 g of fresh water was collected, corresponding to 98% of the pre-

sorbed water. 

The modified AWG with magnifying glass mounted delivered more water within a 

shorter period of time than that of the AWG without beam magnification (i.e. 0.52 g vs. 

0.3 g water per gram of the sorbent, within 2.0 vs. 2.5 h). This phenomenon is predictable 

as the concentrated sunlight led to a higher temperature of the hydrogel, thus enhanced 

the water release process. Both of the device can be well-suited for the point-of-use water 

delivery purpose, such as in case of emergency, wars, natural disasters, etc. In the 

practical applications, the performance of the AWGs may be affected by several factors, 

such as weather conditions, solar irradiation density, among others. These factors need be 

take into consideration when deploying the hydrogel-based AWG. Besides, in operating 

of the AWG, simple maintenance such as transparent cap cleaning/wiping might be 

needed from time-to-time.  

This device was designed and focused on producing potable water to fulfill the minimum 

water intake requirement for the individuals. Even though personal hygiene is critical to 

lower down the public health risk, it is beyond the scope of this work. With some 

simplifying assumptions, the investment cost for an easy-to-assemble AWG device with a 

water production yield of 3L/day (the minimum daily water requirement per capita, 

WHO standard) was calculated to be $3.2 and $1.76 under RH 35% and RH 60% climate 

conditions during AWH process, respectively (Table 4-3).  
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Table 4-3. Raw material cost of the device fabrication to supply minimum daily water for 

an adult 

 Water required Hybrid hydrogel CaCl2 PAM 

RH 35% 3 kg 5 kg 4 kg 1 kg 

RH 60% 3 kg 2.73 kg 2.18 kg 0.55 kg 

 

The price of CaCl2 is $ 0.3 per kg, PAM is $ 2 per kg (source: www.1688.com). Thus the 

total cost of the device fabrication to be used under RH 35% and RH 60 % condition is $ 

3.2 and $1.76 per capita, respectively. 

The water quality of the product was examined by ICP-OES equipped with a segmented-

array-charge-coupled device (SCD) detector. Since the salt used in this work is CaCl2, the 

concentration of calcium element was checked and found to be below the detection limit 

of the ICP-OES, which makes it not a concern based on the WHO water quality 

guideline.50 

4.4 conclusion 

 

In conclusion, the hybrid PAM hydrogel possesses outstanding water sorption capability 

which is similar to CaCl2, and its flexible solid form makes it an effective AWG. The 

excellent water production performance of the hydrogel based simple and affordable 

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

the hybrid hydrogel covers most of arid deserts, almost all islands, and inland remote 
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regions, the AWG devices based on the hydrogel are low cost, versatile, deployable, and 

thus suitable for delivering much needed fresh water therein.   
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5. Chapter 5. Improving atmospheric water production yield: enabling 

multiple water harvesting cycles with nano sorbent 
 

5.1. Introduction 

 

Water scarcity is affecting two-thirds of the world’s population and has been treated as 

one of the greatest challenges of the humanity.1-3 Due to the fast growing population, 

wastewater reuse,4-5 seawater desalination and other energy-intensive technologies have 

been engaged to augment clean water production and meet the growing water demand.4, 6-

8 Unfortunately, these approaches are either impractical to the landlocked communities 

with limited access to water resource or not affordable by impoverished regions.9-10 Long 

distance transportation of fresh water for these regions, which is widely deemed non-

sustainable, has become the essential but expensive expenditure of the local economy.11-

13 Several reports has pointed out that due to the impoverished conditions, more than 783 

million people has no direct access to safe drinking water.14 On the other hand, there are 

substantial amount of water holds and preserves in the Earth’s atmosphere in the forms of 

droplets and water vapor. It is estimated that approximately 12,900 billion tons of water 

are floating in the air, which is equivalent to 6 times of water in all rivers on Earth.15 

Moreover, as the integral part of the global hydrologic cycle,16 the removal of 

atmospheric water can be quickly compensated ultimately driven by inexhaustible solar 

energy.16-17 Considering the fact that the seawater covers 71% of Earth’s surface, the 

atmospheric water can be treated as an easily accessible but unconventional fresh water 

source continuously desalinated and replenished by Sun.18-19 
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Explorations have been made during past decades and several atmospheric water 

harvesting (AWH) technologies have been reported, but they are met with limited 

success.20-23 For example, fog harvesting collects water droplets floating in the air, and 

requires consistently high relative humidity (RH) (i.e., typically RH 100%).24-27 The 

refrigeration-based dew water collection consumes electricity as high as ~1000 kWh for 

each cubic meter of fresh water produced in the climate conditions of RH 62%, 30 oC. In 

some cases, the energy consumption could jump to ~5000 kWh per cubic meter water 

production when the humidity drops to 20%.28-30 Emerging nowadays is the sorption-

based AWH approach, which introduce water vapor sorbents to collect water vapor from 

air and employ solar photothermal process to release the harvested water. Finally, the 

condensate water is collected as fresh water product.23 The advantage of the sorption-

based AWH is that the heat sources can be used to power up the water harvesting process 

and thus it does not consume electricity. Low-grade energy such as solar energy or waste 

heat can be used for the regeneration process of water vapor sorbent.23, 29 Besides, it 

works even for dry regions with low RH, and can lead to affordable, simple, and all-in-

one devices for decentralized and point-of-use (POU) year-around fresh water 

production. These features makes it a potential solution to the communities that is in lack 

of economical access to safe drinking water.31-35 

Both the kinetic and thermodynamic properties of the water sorbents are key features in 

the sorption-based AWG.36 In 2017, Yaghi and Wang et al. first reported the concept of 

use metal-organic-framework (MOF) to collect water from dry air (RH<20%) and the 

harvested water vapor can be released by natural sunlight through photothermal 

process.37 As a follow up of MOF-based AWG, this concept was further investigated 
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with an enlarged scale and proved to be feasible in the arid climate.38-39 In the following 

years, a few water vapor sorbents with suitable absorption enthalpy and higher water 

vapor sorption capacities have been reported.40-43 However, the insufficient kinetics 

becomes the bottleneck: it took more than ten hours (i.e. overnight) to reach the 

saturation state of water vapor sorbents at ambient and only few hours to release water 

for condensate collection under normal sunlight.40-41 This limitation resulted the current 

sorbents for AWH to work only in batch mode and to complete only one 

sorption/desorption cycle within one day. The batch mode makes this technology 

infeasible to be deployed in a large-scaled water production facility. Thermodynamically 

speaking, water vapor sorption can take place during daytime so long as there are suitable 

temperature and humidity. As a result, it is hypothesized that multiple or even continuous 

sorption-desorption cycles can be approached based on special water vapor sorbent with 

fast water sorption and water release kinetics. Under this premise, fresh water 

productivity can be enhanced with reduced weight of the sorbent. 

In light of demonstrating the hypothesis, in this work, we designed and synthesized a 

nano-sized photothermal water vapor sorbent with significantly enhanced vapor sorption 

and desorption kinetics. Hollow carbon nanocapsule of ~300 nm in diameter was 

produced, inside which hygroscopic salt LiCl was encapsulated. In this design, LiCl 

serves as the water vapor sorption agent and carbon capsule act as a container of LiCl and 

at the same time as the photothermal component. When the nanosorbents are packed, the 

space within the nano sorbent stack among the spherical nano sorbents (i.e., interparticle 

space) serves as the freeway for water vapor transport. The advantages of the nano-design 

can be concluded into three points: First, high specific surface area for water vapor to 
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access. Second, better light-trapping and in situ heat generation to minimize heat loss 

during heat transfer and to uniformly and fast heat up the sorbent from all directions. 

Third, confinement of salt and thus sorbed water inside a solid container to avoid 

interparticle water vapor channel collapse. In our design, the diffusion length of water 

vapor inside the capsule is less than 150 nm, which is 4-5 order of magnitude shorter than 

that in liquid sorbents or hydrogel-based solid sorbents.41 The nano sorbent can capture 

water vapor from surrounding ambient as much as 100% of its own weight under RH 

60% within 3 hours. The sorbed water can be quickly released within half hour under 1 

kW/m2 sunlight irradiation. 

This work assembled a batch-process based AWH device using easily-accessible 

materials. The AWH device was tested in the outdoor condition and successfully 

conducted 3 sorption-desorption cycles within 10 hours during one day. The water 

production yield in the field test reached as high as 1.6 kgwater/kgsorbent per day. Besides, a 

prototype of continuous AWG device was further fabricated based on the nano sorbent, 

which produced 0.86 kg water per each kg of nano sorbents in one day. Even though its 

apparent water production yield is not as high as the batch-based AWH device, the 

continuous AWH design provides a possible solution to the large and automated plant-

scale deployment. To the best of our knowledge, this work reports the first sorption-based 

continuous AWG device. This work sheds significant light on progression from batch-

based AWH process to continuous AWH process and would spark a lot of research 

passions to produce effective AWG for wide and practical applications. 

5.2 Materials and methods 
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5.2.1 Chemicals and materials. 

 

Oleic acid was purchased from Riedel-de Haën. Potassium persulfate (KPS, 99%) and 

styrene (99%) were purchased from Acros Organics. Phenol (99%), lithium chloride 

(LiCl, 98%) and hexamethylenetetramine (99%) were purchased from Sigma-Aldrich. 

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

experiments. 

5.2.2 Material characterization. 

 

Nitrogen adsorption test was measured with a Micromeritics Tristar 3020 adsorption 

analyzer. Scanning electron microscope (SEM) images were obtained on an FEI 

Magellan 400 microscope. Transmission electron microscopy (TEM) investigations were 

carried out on an FEI Titan-ST microscope. Temperature curves and infrared (IR) images 

of the samples were recorded by a FLIR A655 IR camera. The UV-vis-NIR spectra were 

obtained on a PerkinElmer Lambda 950 spectrophotometer. The X-ray photoelectron 

spectroscopy (XPS) analysis was conducted on a Kratos AXIS Supra XPS spectrometer. 

Water sorption properties were investigated on a NETZSCH Jupiter simultaneous thermal 

analyzer (STA)-449 measurement system coupled with a modular humidity generator 

(MHG, ProUmid). The thermal conductivity was measured with a set of laser flash 

apparatus (LFA 447 NanoFlash®, Netzsch) system. 

5.2.3 Fabrication of hollow carbon sphere (HCS)-LiCl nano sorbent. 

 

Polystyrene (PS) nanospheres were synthesized as hard templates in this work. Briefly, 7 

ml of styrene and 188 μL of oleic acid were mixed and dispersed in 272 ml of DI water. 
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The mixture was stirred at 50 oC for 1 hour, followed by adding 160 mg of KPS. The 

solution was heated to 70 oC under magnetic stirring for 5 hours. The final product was 

filtrated and washed by DI water. All the steps were performed under a nitrogen 

atmosphere. 

The hollow carbon spheres (HCS) were prepared in the following steps: 225 mg of PS 

spheres were dispersed in 150 mL of DI water. Then 30 mL of aqueous solution with 

phenol (264 μL) and hexamethylenetetramine (0.21 g) was added. The solution was 

transferred into a teflon-lined autoclave, heated at 160 oC for 4 hours followed by 

centrifugation and washed for several times with DI water (PS@PF sphere). The washed 

PS@PF spheres were dried in a box-type oven at 70 oC for 12 hours. The as-obtained 

PS@PF spheres were transferred to a tube furnace with a nitrogen atmosphere, heated to 

150 oC with a ramp of 5 oC/min and dwelled for 1 hour. The temperature was then raised 

to 800 oC with a ramp of 5 oC/min and kept at this temperature for 2 hours, followed by 

cooling down to room temperature naturally.44 

The HCS-LiCl nano sorbents were obtained by immersing HCS in the saturated LiCl 

ethanol solution followed by vacuuming for 2 minutes. Then the HCS-LiCl was collected 

by vacuum assisted filtration and then dried in a box-type oven for 2 hours with a 

temperature of 75 oC. The infiltration process was repeated for 2 times. The weight 

content of carbon in the HCS-LiCl nano sorbent was estimated by the CHNS-O element 

analyzer (FLASH 2000, Thermo Scientific). Then the LiCl weight content was calculated 

by the deduction of carbon weight from the total. The volume content of LiCl in the 
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vacancy of the HCS-LiCl was estimated based on the electron microscopic 

characterization (details can be found in Discussion section). 

5.2.4 Water sorption/desorption experiments. 

 

The water vapor sorption/desorption performance of HCS-LiCl was tested by a 

stimultaneous thermal analyzer (STA)-modular humidity generator (MHG) system under 

static humidity mode. The STA furnace was first heated up from 25 oC to 80 oC to 

dehydrate the nano sorbent and then cooled down to 25 oC for the water vapor sorption 

test. The sorption test was carried on for 13 hours, and then the furnace of STA was 

programmed to heat up to 80 oC to investigate the desorption property of the nano 

sorbent. Both the cooling and heating ramp was 5 oC/min. Four different humidity 

conditions (i.e., RH 15, 35, 60 and 80%) were investigated by purging the MHG 

generated wet nitrogen flow with specified RH into the STA furnace. The temperature of 

the nitrogen flow was maintained at 25 oC throughout the test. Water vapor absorption 

isotherms of HCS-LiCl were characterized by a dynamic adsorption analyzer (DVS 

analyzer, IGAsorp-CT, Hiden Isochema) at 25 oC and 35 oC. Prior to the analysis, the 

sample was in situ pre-dried at 80 oC for 3 hours. The stability of the HCS-LiCl was 

investigated by a STA-MHG system for 20 dynamic absorption-desorption cycles. Each 

cycle consisted of a water vapor sorption section (10 h, 80% RH, 25 oC) and a water 

release section (1.5 h, 10% RH, 80 oC). The ramp of the STA furnace for both heating 

and cooling process was set to be 1 oC/min. The humidity was maintained by a MHG-

generated nitrogen flow, with a constant temperature of 25 oC and an alternated RH 

between 10% and 80% based on the sorption/desorption sections of the experiment. 
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The photothermal assisted water release property of HCS-LiCl was investigated under 

simulated sunlight (Oriel solar simulator, 94023A). The HCS-LiCl nanospheres were 

placed on a fibrous silica substrate and exposed to 60% RH atmosphere for 2 hours at 

room temperature (22 oC) prior test. IR camera and electronic balance were employed to 

record the temperature and weight change of the nano sorbent. The test was carried out 

under 5 different light strength (i.e., 0.7, 0.8, 0.9, 1.0, and 1.1 kW/m2). 

5.2.5 Batch-mode AWH device fabrication and the outdoor performance 

measurement. 

 

The water vapor sorption behavior of HCS-LiCl nano sorbent and pure LiCl salt was also 

investigated in the outdoor condition. 5 g of HCS-LiCl and 5 g of LiCl salt are placed in 

the plastic petri dish (dimeter 10 cm), and the weight change of both samples are 

recorded by an electric balance. The ambient condition was monitored and recorded by a 

LogTag humidity & temperature recorder. The outdoor test was conducted on KAUST 

campus, Thuwal, KSA, from 19:00-23:00 local time (GMT+3), and the sampling time 

was set to be 5 min. To investigate the water production performance of HCS-LiCl nano 

sorbent in field condition, a batch-process based, all-in-one device was fabricated. A 

metallic cookie box (dimension 20 × 20 × 5 cm3) was used as the container and 12.6 g of 

pre-dried HCS-LiCl nano sorbent was placed inside a glass dish with diameter of 14 cm. 

The box was put outdoor overnight uncovered (21:00 on March 20 to 8:10 on March 21, 

2019 KSA time). The device was covered with a kitchen plastic wrap next morning (8:20 

am on March 21, 2019) and put on the rooftop of a town house inside KAUST campus 

(Thuwal, KSA). After 80 minutes sunlight irradiation, the condensed water inside metal 

box/on the surface of plastic wrap was collected. The box was then moved under a 
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shaded area to prevent direct sunlight exposure to sorb water vapor from air for the next 2 

hours (9:45-11:45am). The second water release and collection was conducted between 

11:50-13:10. The third water vapor sorption-desorption/collection was conducted from 

13:20 to 15:20. Due to sunlight strength attenuation, the device was aligned to facing the 

sunlight in the third cycle with extended irradiation time (15:30 to 17:30). The solar 

power meter was placed perpendicular to the rooftop where the experiment was 

conducted. The relative humidity meter recorded the value on the beginning time of two 

individually water vapor sorption process. 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES, Agilent 5110) 

equipped with a charge-coupled device (CCD detector) and a charge injection device 

(CID detector) was used to investigate the concentration of lithium and iron in the water 

sample produced from the outdoor experiment. Total organic compound (TOC) analyzer 

(TOC-L, Shimadzu) was employed to test the TOC concentration in the same water 

sample. 

5.2.6 Continuous atmospheric water generator (AWG). 

 

A continuous atmospheric water generator (AWG) was designed and fabricated based on 

the HCS-LiCl nano sorbent, which included three major parts: a central rotational 

cylinder, a copper condenser with transparent cap, and a frame with stepper motor. HCS-

LiCl nano sorbent was loaded onto the fibrous silica filter paper and mounted and 

wrapped around the rotational cylinder with a mass loading of 0.03 g/cm2 (2.93 g in 

total). The stepper motor was set to drive the cylinder with a varied rotation rate (i.e., 0.5, 
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0.75, 1.5 and 4 revolution per hour, rph). The whole device was placed under simulated 

sunlight with a light strength of 1.0 kW/m2. 

5.3 Results and discussions 

 

In this work, we present a novel kinetic-enhanced nano-sized water vapor sorbent for 

multiple AWH cycles in the batch-based AWG within one day and for continuous AWG 

application. The nano sorbent is composed of a porous photothermal shell (hollow carbon 

sphere) and a highly hygroscopic salt (i.e., LiCl) core. The hygroscopic salt is capable of 

sorbing a large quantity of water from the surrounding air even when the humidity is low 

(i.e. RH 15-35%). The hollow carbon sphere, on the one hand, holds and isolates the 

hygroscopic salt as a small and individual sorption unit, while generates inter-particle 

space for water vapor transport. On the other hand, the HCS absorbs sunlight at its 

surface, and in-situ heats up the saturated nano sorbent through the photothermal process. 

All these allow for drastic water vapor sorption/desorption kinetic enhancement, leading 

to it superior water harvesting and production performance. 

5.3.1 Synthesis of HOC-LiCl nano sorbent. 

 

 

Figure 5-1. Schematic of HCS-LiCl nano sorbent fabrication process. Step 1: Coating of 

PF layer on the surface of PS hard template. Step 2: Pyrolysis of PS@PF to obtain HCS. 
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Step 3: LiCl infiltration. Step 4: Embedment of nano sorbent to the fibrous silica 

substrate. 

 

Figure 5-2.  Schematics of LiCl infiltration process. (a) Air pocket inside the HCS 

capsule blocked the infiltration process. (b) Under vacuum condition, the encapsulated air 

was pumped out and LiCl ethanol solution infiltrated into the HCS. 

The HCS-LiCl nano sorbent was synthesized through a hard-template method by using 

polystyrene (PS) spheres as the core templates.44 The PS spheres were prepared by the 

popular emulsion polymerization method, whose surfaces were uniformly coated with a 

layer of phenolic-formaldehyde (PF) via hydrothermal method (Figure 5-1, step 1). The 

as-obtained PS@PF spheres were transferred to a tube furnace for high-temperature 

pyrolysis during which the PF layer was converted into carbon while the PS core was 

decomposed, leading to formation of hollow carbon spheres (Figure 5-1, step 2). Due to 

the hydrophobic property of HCS after high-temperature pyrolysis, LiCl ethanol solution 

was used to embed LiCl salt into the as-obtained HCS under vacuum (Figure 5-1, step 3, 

and Figure 5-2). In this work, fibrous silica filter was used as the substrate to hold the 

HCS-LiCl nano sorbent (step 4 of Figure 5-1, and Figure 5-3). 
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Figure 5-3. SEM image of HCS-LiCl loaded on the fibrous silica filter substrate. 

TEM observation reveals that the average diameter of PS is ~240 nm (Figure 5-4a). After 

coated with PF layer, the diameter of nanosphere increased to ~300 nm, indicating the 

thickness of the PF resin layer was ~30 nm (Figure 5-4b). After pyrolysis treatment, the 

size of HCS was similar to that of PS@PF nanspheres (Figure 5-4c). After LiCl was 

loaded, the dimension of HCS-LiCl remained almost unchanged comparing with HCS 

(Figure 5-4d). Figure 5-4e and f show the selective area electron diffraction (SAED) 

patterns of HCS and HCS-LiCl. For HCS, only dispersing diffraction rings were 

obtained, indicating the amorphous carbon shell. When the HCS was loaded with LiCl, 

an extra set of diffraction pattern indexed to (200), (111) plane of LiCl was observed.45 

The high-resolution TEM (HRTEM) image of the shell showed a typical amorphous 

carbon structure, consistent with the SAED result. As can be seen in Figure 5-4g, the 

HCS wall shows a rough and porous surface. Figure 5-4h and i are the SEM images of 

HCS and HCS-LiCl, further confirming the size of nanospheres before/after the salt 

loading. Figure 5-4j-l are the SEM-EDS mapping of HCS-LiCl. Since lithium element is 
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invisible in EDS, only carbon and chloride were analyzed and mapped. The distribution 

of chloride perfectly matched the carbon element mapping, indicating a successful 

loading of LiCl. 

 

Figure 5-4. (a)-(d) TEM images of (a) PS, (b) PS@PF, (c) HCS, and (d) HCS-LiCl, 

respectively. SAED patterns of (e) HCS and (f) HCS-LiCl. (g) The HRTEM image of 

HCS. SEM images of (h) HCS and (i) HCS-LiCl. (j)-(l) SEM-EDS mapping of HCS-

LiCl. 

Light absorbance of HCS loaded fibrous silica filter was tested with an UV-vis-NIR 

spectrophotometer with silica filter as background (Figure 5-5a). As can be seen, HCS 

showed an outstanding light absorbance throughout the whole spectrum (>92%). The 
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relative light absorption rate for the materials to sunlight was calculated to be 94.47% and 

the spectrum has been displayed in Figure 5-6. The wetting behavior of HCS was tested 

indirectly through LiCl solution contact angle and chemical composition investigation. 

The LiCl solution contact angle of the HCS loaded fibrous silica filter was 137.5° (Figure 

5-7), indicating that the HCS was highly hydrophobic. The wetting behavior of LiCl 

water solution also explained the reason why a less polar solvent, ethanol, was used 

during LiCl infiltration process. Figure 5-5b shows the X-ray photoelectron spectroscopy 

(XPS) survey spectrum of HCS, indicating 94.9% of the elements in HCS was carbon. 

The high-resolution spectrum of C 1s is shown in Figure 5-5c. Five components were 

fitted with the C 1s spectrum, located at 284.4, 285.1, 286.4, and 288.9 eV, 

corresponding to the C=C (sp2 hybridized carbon), C-C (sp3 hybrid carbon), C-O-C, and 

C=O groups.46 The atomic ratio of C/O in the HCS sample is 21.1, indicates the material 

is in lack of polar groups, thereby lead to a hydrophobic property of HCS. The 

hydrophobic property towards LiCl solution of HCS is an essential factor to ensure the 

hygroscopic salt core can be tightly preserved inside the HCS shell even when it is turned 

into liquid by deliquescence. This otherwise salt leakage outside of HCS will lead to very 

undesirable loss of the salt and clogging of water vapor channels. The nitrogen adsorption 

measurement showed microporosity of HCS with a surface area of 620 m2/g (Figure 5-

5d, Figure 5-8). These results prove that HCS has an outstanding light absorption 

property, is hydrophobic in wettability, and has highly porous wall, all of which are 

desired for effective and fast water vapor sorption/desorption within the sorbent system. 

Besides, the heat conductivity of the HCS stack was measured to be 0.316 W/(m oC), 

which could be attributed by the contact thermal resistance between the adjacent 
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particles. Given the measured thermal conductivity, the further improvement in thermal 

conduction of the system can be made by using substrates with superior heat conductivity 

(i.e. stainless steel woven, carbon block, etc.), reducing the thickness of sorbent layer, 

among others. 

 

Figure 5-5. (a) UV-vis-NIR spectra of HCS loaded on the fibrous silica filter. (b) XPS 

survey spectrum of HCS. (c) XPS spectra of C 1s. (d) Pore size distribution of HCS. Inset 

is the distribution pattern in the range of 0-30 nm. 
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Figure 5-6. The measured absorbance of HCS loaded on the fibrous silica filter. The red 

line displays the AM 1.5 solar spectrum (ASTM G173-03 reference spectra derived from 

SMARTS v. 2.9.2). The yellow area represents the absorbed spectrum by the 

HCS@SiO2. The relative light absorption rate for the sample to sunlight is calculated to 

be 94.47%. 

 

Figure 5-7. The shape of a LiCl water solution droplet on the HCS-LiCl@SiO2 with the 

contact angle of 137.5o. The LiCl water solution droplet was prepared by putting 500 mg 

of LiCl salt into a closed chamber with a constantly RH of 100% for 24 hours. The 

volume of droplet shown in this figure is 4 μL. 
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Figure 5-8. Nitrogen sorption isotherm of HCS. 

5.3.2 Water sorption/desorption assessment. 

 

Theoretically, sorption of water vapor onto the sorbent is a passive process where the 

diffusion kinetics of water vapor plays a critical role in the overall sorption rate. In 

contrast, desorption of saturated sorbent is an active process where the sorbents are 

heated up by the external heat source. In practical application, it may take only a few 

hours for the water sorbent to release water but a significantly longer time to recover 

back to its saturation state. 

The water sorption behaviors of the HCS-LiCl nano sorbent were first investigated under 

static humidity condition. A simultaneous thermal analyzer (STA) coupled with a 

modular humidity generator (MHG) was employed for the water sorption/desorption 

assessment. At the first stage, the STA furnace was programmed to heat up to 80 oC for 

dehydration purpose. After the dehydration process, the furnace was cooled down to 25 

oC and maintained throughout the sorption test (i.e., 13 hours). After the sorption test was 

completed, the furnace was heated back to 80 oC to investigate the desorption property of 
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the nano sorbent. Humidity generator was programmed to purge carrier nitrogen gas with 

pre-defined relative humidity (i.e., RH 15, 35, 60, and 80%) into the STA furnace 

throughout the test. 

 

Figure 5-9 (a)-(c) Static RH tests of LiCl, HCS, and HCS-LiCl under different RH 

conditions. The blue dash line indicates the start point of water vapor sorption process 

while the red dash line indicates the end of the absorption section and the beginning of 

the desorption section.  (d)-(f) Derivative weight changes of LiCl, HCS, and HCS-LiCl 

under different static RH conditions. 

Figure 5-9a shows the static humidity test result of pure LiCl. The water uptake (i.e., 

weight change in Y-axis) of LiCl showed a drastic increase at RH 35, 60, and 80%. By 

the end of the test, the water uptake were 20.35, 106.43, 173.89, and 351.8% of the LiCl 
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salt’s own weight for 15, 35, 60, and 80% RH, respectively. LiCl salt was liquefied and 

its water vapor sorption equilibrium was not achieved even after 13 hours of the test. For 

the desorption process under 80 oC, the LiCl failed to release all of its absorbed water 

within the test time. For HCS without LiCl, the weight changes due to water sorption 

were 1.72, 3.18, 15.76, and 17.83% of its own weight at 15, 35, 60, and 80% RH, 

respectively (Figure 5-9b), which is negligible comparing with the weight change of LiCl 

(Figure 5-9a). Figure 5-9c shows the sorption behavior of HCS-LiCl. As can be seen, the 

sorption saturation was achieved within 4 hours, and the final sorbed water were 22, 70, 

112, and 220% at 15, 35, 60, and 80% RH, respectively. Furthermore, more than 90% of 

the water uptake was achieved within the first 3 hours. During vapor sorption, LiCl turns 

into liquid droplets and the small droplets coalesce and form bigger ones, leading to 

reduced contact surface area with air. Concentration-gradient drives water molecules to 

diffuse from the surface towards the droplet core, with Li+/Cl- ions diffusing in an 

opposite direction. As the droplets further grow in size, the diffusion length will be 

increased, further limiting the sorption kinetics. For the LiCl-HCS nano sorbent, the HCS 

limits the size of the LiCl droplet to several hundred nanometers and thus promotes the 

overall sorption/desorption kinetics. Unlike LiCl, a plateau was observed for HCS-LiCl 

under RH 35, 60, and 80%, which may attributed to the spatial limitation by HCS capsule 

structure and limited amount of LiCl loaded into the HCS. The sorbed water in HCS-LiCl 

could be very quickly released within half hour, indicating much enhanced kinetics 

comparing with LiCl. The weight content of carbon in the HCS-LiCl nano sorbent was 

estimated to be 64%, and thereby the weight content of LiCl was 36%. The volume 

percentage of LiCl within the vacancy of HCS was calculated to be less than 17.4%, 
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indicating more than 80% of the vacancy available for water storage (Figure 5-10). The 

calculation details are listed as follow: 

Since the volume of the vacancy can be estimated from the EM characterization and the 

concentration of the LiCl ethanol solution and the density of LiCl is known (c=0.18 

g/mL, ρ=2.07 g/cm3), the volume content of LiCl in an individual sorbent can be 

estimated. 

 

Figure 5-10 Schematic of the HCS dimension. 

The volume of the vacancy and the infiltrated LiCl ethanol solution: 

𝑉 =
4

3
𝜋𝑟3                       5-1 

The weight of LiCl in the vacancy: 

𝑚 = 2 × 𝑉 × 𝑐              5-2 

The volume of LiCl in the vacancy: 

𝑉𝐿𝑖𝐶𝑙 = 𝑚/𝜌                   5-3 

Thereby, the volume content of LiCl in the vacancy of the HCS can be calculated as 

𝑉𝐿𝑖𝐶𝑙

𝑉
= 17.4%                 5-4 
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Where V and Vm represent for the volume of the whole vacancy and the volume of the 

LiCl salt, r is the radius of the vacancy, c is the concentration of the LiCl ethanol 

solution, m is the weight of LiCl loaded in an individual sorbent, ρ is the density of LiCl. 

It has to be mentioned that the volumetric salt content is an estimated value based on the 

below assumptions: (1) The infiltration process is thoroughly, LiCl ethanol solution is 

100% occupied the pores and vacancy of HCS. There is no loss of LiCl during 

infiltration, filtration/wash, and collection process. (2) The density of LiCl is the bulk 

density of LiCl powder, not the density of LiCl crystal. (3) Water only stored within the 

central vacancy and the porous shell does not contribute to the water capacity. In our 

previous calculation, we did not count the porous shell into consideration, this may 

contribute to an extra water storage volume. In the actual circumstance, the salt loss due 

to inadequate infiltration, leaching of salt solution during vacuum-assisted filtration 

(VAF) and washing process may considerable. Meanwhile, the density of LiCl crystal 

could be as high as 8 g/cm3 based on the atomic mass and the crystal structure of LiCl. 

Within the sub-micrometer vacancy, the density of LiCl could be varied with its bulk 

density (The volume of LiCl could be much smaller than our previous calculation). Thus, 

the final loaded salt could be much lower than the theoretical value. 
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Figure 5-11  Full-range curve of derivative weight change of (a) LiCl, (b) HCS, and (c) 

HCS-LiCl, respectively. 

 

Figure 5-12 The zoom-in plot of water vapor absorption section of (a) LiCl, (b) HCS, and 

(c) HCS-LiCl. The blue dash line indicates the beginning of the sorption process. 

The derivative weight change of all three samples were plotted and compared (Figure 5-

9d-f, Figure 5-11 and Figure 5-12). As seen, during the sorption process, the LiCl had an 

almost constant sorption rate in the first 6 hours, which then slowly dropped to almost 

zero by the end of the test. When LiCl solution absorbs water, the concentration of LiCl 

decreases and its vapor pressure increases. Thus, it is noteworthy that, while the partial 

pressure of water vapor inside STA furnace is not changed (i.e. constant temperature and 

RH), the vapor sorption by the sorbent will be reduced as the sorption goes on. For HCS, 
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a small peak in derivative weight change was observed at the beginning of the test, 

followed by a quick drop to zero. The derivative weight change of HCS-LiCl firstly had a 

rapid increase within the first 25 minutes, and then slowly dropped back to zero at ~200 

min. Most importantly, the peak sorption rate of HCS-LiCl almost tripled the sorption 

rate of LiCl.  For the desorption process, the derivative weight change of all three 

samples was proportional to their respective water uptake. For HCS-LiCl, the peak value 

of derivative weight change was double of the value of LiCl, even it had a smaller water 

uptake than that of LiCl, which demonstrates the successful improvement of kinetic 

property. 

The interparticle space size can be calculated based on the dimension of the particles. 

Figure 5-13 displays the 3D and 2D schematic of the four closest particles in a hexagonal 

close packing system. The interspace within the center of the four particles can be 

roughly treated as a tetrahedron.  The diameter of the sphere is 300 nm. Thus the 

calculation of the tetrahedron can be described as follows: 

 

Figure 5-13 Schematic for the calculation of interparticle space. 

𝐴𝐻 = 𝐴𝐹 ÷
√3

2
= 150𝑛𝑚 × √3/2 ≈ 173.2𝑛𝑚                 5-5 
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𝐹𝐺 = 2 × (𝐴𝐻 − 150) × √3 = 80.37𝑛𝑚                           5-6 

Thus, the shape of the interparticle space can be roughly described as a tetrahedron with 

an edge length of 80.37 nm. 

Comparing with the bulk/liquid-phased water vapor sorbent such as hydrogel or liquid 

desiccant, the occupation rate of the spherical nano sorbent, even densely packed as the 

hexagonal close packing form, is only 74%. Thus, the rest of 26% empty space can be 

used as the channels for water vapor transportation. The diffusion length can be 

significantly decreased to the radius of the individual sphere, which is in hundreds of 

nanometer. The superior performance of HCS-LiCl in both sorption and desorption can 

be attributed to its enlarged specific area and unblocked water vapor channel (Figure 5-

14). These properties make it a good candidate as the water vapor sorbent for AWG 

devices with fast water sorption/desorption property. 

 

Figure 5-14.  Schematics of sorption/desorption behaviors of (a) nano sorbent and (b) 

bulk-phased sorbent. The pore space among the individual nano sorbents provides water 
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vapor channel and thus leads to a fast water sorption/desorption kinetics. For the bulk-

phased sorbent such as hydrogel, water vapor has to penetrate the pre-formed water film 

and slowly diffuse into the inner part of the sorbent, thus leading to a suppressed 

sorption/desorption kinetics. 

Water vapor sorption isotherms of HCS-LiCl were tested on a DVS analyzer to further 

investigate its water vapor sorption performance under varied conditions (Figure 5-15a). 

Two representative temperatures in our test location, 25 oC for nighttime and 35 oC for 

daytime in a shadowed area, were investigated. As can be seen, the equilibrium water 

uptake from the two temperature conditions was quite similar. The equilibrium water 

uptake at RH 20% is ~0.4 g/g, indicating a reasonable water sorption performance at low 

humidity condition. The equilibrium water uptake at the highest RH condition in this test 

(i.e., RH 80%) was >2.0 g/g. The results of the isotherm measurement agree well with the 

STA results. 

The stability of HCS-LiCl was tested by a STA-MHG system for 10 absorption-

desorption cycles (see Materials and Method section for details). The 

absorption/desorption behavior of the HCS-LiCl is shown in Figure 5-15b. Moreover, 

SEM observation has been used to investigate the morphology of the sorbent after the 10-

cycles stability test at RH 80% (25 oC). 
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Figure 5-15. (a) Water absorption isotherms of HCS-LiCl in g g-1 (g of water per g of 

sorbent) at the temperature of 25 oC and 35 oC. (b) The absorption/desorption behavior of 

HCS-LiCl obtained by an STA-MHG system. Each cycle consisted of a water vapor 

sorption section (3.5 h, 80% RH, 25 oC) and water release section (1.5 h, 10% RH, 80 

oC). 

The structures of the spherical particles show no obvious change before/after the test and 

there is no sign of LiCl leakage (Figure 5-16a). We further placed these nano sorbents in 

a wet chamber with a consistent humidity of 100% (25 oC) for 48 hours followed by oven 

drying at 80 oC for 6 hours. The SEM observation indicates a slightly LiCl leakage on the 

surface of the particles (Figure 5-16b). However, there could be a chance that a leaching 

might exist when the sorbent settled in a harsh condition for a long time. In the case of 

RH 80% test, due to the existence of capillary force of the porous carbon shell, the 

leached solution could be attracted by the sorbent. When the humidity decreased or the 

desorption started, these leached solution was sorbed back into the sorbent. This may 

explain why we could not observe the leaching under microscopic investigation. On the 

other hand, for the ultra-high humidity (i.e. 100%), the leaching could be significant, and 

thereby during the evaporation process, salt was remained on top of the external surface 



194 
 

of carbon shell, and white dots could be observed under electron microscope. Thereby, 

the maximum applicable RH should be below 80% to ensure the material’s long-term 

stability. 

 

Figure 5-16. (a) SEM image of HCS-LiCl after the cycling test. There is no sign of defect 

and LiCl leakage. (b) SEM image of HCS-LiCl after 48-hour RH 100% test, the white 

dots on the surface of HCS indicates a slight LiCl leakage. 

5.3.3 Photothermal assisted water release. 

 

In practical applications, it might be necessary for powder formed water vapor sorbent to 

be fixated onto a substrate material and assembled into an AWG device. With the device, 

water is released out of the sorbent at a high temperature caused by photothermal heating 

when it is exposed to sunlight. In this work, we used a fibrous silica filter as the matrix to 

hold the nano sorbent (HCS-LiCl@SiO2). The dimension of sorbent loaded filter was 8 × 

8 cm2, composed of 0.56 g fibrous silica filter and 0.64 g of dried HCS-LiCl nano 

sorbent. The weight change of the HCS-LiCl@SiO2 was real-time monitored and 

recorded by an electrical balance connected with a computer. The HCS-LiCl@SiO2 was 

exposed to the ambient (i.e. 22 oC, RH 60%) for 3 hours, at the end of which 0.67 g water 

was sorbed, equivalent to 36% of its own weight at saturated state. The saturated HCS-
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LiCl@SiO2 (1.87g) was exposed under simulated sunlight with a strength of 1 kW/m2, 

under which the temperature of HCS-LiCl@SiO2 quickly raised up to 50 oC within 2 

minutes and stabilized at ~72 oC after 25 minutes (Figure 5-17a). Most of the sorbed 

water (i.e. >90%) was released within 25 minutes, indicating a fast water release property 

(the “dry state” of the sample is defined by the minimum weight of the sample dried 

under 80 oC). 

 

Figure 5-17. (a) Weight change vs. temperature profile of HCS-LiCl loaded on the 

fibrous silica filter. (b) Stability test of the nano sorbent. The red dash line indicates 1 

sorption/desorption cycle. The Y-axis indicates the water sorbed by the nano sorbent. The 

sunlight strength was 1 kW/m2. (c) Temperature and (d) weight change profiles of 

saturated HCS-LiCl@SiO2 under varied light strength. 
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As the water evaporates, the LiCl concentration in HCS increases, resulting in a 

surpressed water evaporation rate, gradullay reduced evaporation heat loss and increased 

sorbent temperature. It has to be emphasized that in this work the heat was generated by 

the carbon shell of HCS-LiCl nano sorbent. In the conventional batch-processed AWH 

process, photothermal materials are separated with the sorbents. Heat is generated on the 

photothermal layer and subsequently transferred to the sorbents. Considering the 

existence of large heat resistance in the photothermal material-water vapor sorbent 

interface, heat loss during heating up the heat transfer media, and poor heat conductivity 

within the inner structure of AWH system, the overall utilization efficiency of solar 

energy is not high.31, 37, 41 

In this work, heat is generated at the sidewall of carbon capsule and carbon is a good heat 

conductor. Thus the heat is locally generated and distributed homogeneously on the 

carbon shell with minimized heat loss, leading to fast heating of inside LiCl salt from all 

directions. Figure 5-18a-d present the IR images of HCS-LiCl nano sorbents after 

exposure to the simulated sunlight for 0, 10, 30, and 60 minutes, respectively. A high 

temperature (i.e. 70 oC) can be easily achieved, indicates the great photothermal 

performance of HCS-LiCl nano sorbent. The stability of HCS-LiCl@SiO2 test was 

carried out by repeating the sorption/desorption process for 10 times under 1 kW/m2 

simulated light strength. After 10 sorption-desorption cycles test, the performance of 

HCS-LiCl showed almost no degradation, demonstrating its outstanding operational 

stability (Figure 5-17b). 
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Figure 5-18.  IR image of HCS-LiCl loaded on the fibrous silica filter after the light was 

turned on at t=0, 10, 30, and 60 min, respectively. 

The temperature profile and water release property of HCS-LiCl were further 

investigated under simulated sunlight with varied light strength. A fast temperature 

increase can be observed under all test conditions in the first several minutes. For the 

light strength of 0.7, 0.8, 0.9, 1.0, and 1.1 kW/m2, the temperature of the tested sample 

reached 39, 42, 46, 50, and 51 oC within the first 2 minutes, with their respective 

equilibrium temperatures at 58, 60, 65, 70, and 75 oC, respectively (Figure 5-17c). The 

weight change profile is shown in Figure 5-17d, where the Y-axis of the graph indicates 

the weight loss due to water evaporation relative to the saturated weight of HCS-

LiCl@SiO2. As can be seen, the weight change value at the equilibrium state for 1.1, 1.0, 

and 0.9 kW/m2 test were quite close (i.e. ~33-36% of its own weight, 92%-100% of total 

absorbed water weight), indicating that the HCS-LiCl@SiO2 can quickly release all its 

absorbed water as long as the sunlight strength was higher than 0.9 kW/m2. For the test 

under 0.8 and 0.7 kW/m2, by the end of the test, the weight change of HCS-LiCl@SiO2 
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was ~27% (75% of total absorbed water weight), which is only slightly lower than that of 

the test conducted under regular solar irradiation. 

The results obtained from photothermal assisted water release experiment further confirm 

that the HCS-LiCl is a highly efficient water vapor sorbent with fast water capture/release 

property and high stability. Furthermore, the ability to release water under weakened 

sunlight makes the HCS-LiCl nano sorbent has broad application prospects. 

5.3.4 Batch-process based AWH device and its outdoor performance. 

 

An all-in-one device was further assembled by using easily available commercial 

materials for outdoor test. The AWH device included a metallic cookie box (20 × 20 × 5 

cm3) as primary container, a glass dish (diameter 14 cm) to separate the nano sorbents 

and collected water, and a kitchen plastic wrap as transparent window and condensation 

surface. During water vapor sorption process, the device was placed under a shade 

exposed to the ambient air. Due to the absence of the sunlight, the nano sorbent was 

cooled down to the ambient temperature and thus could sorb water vapor from the 

surrounding air (Figure 5-19a, left). During desorption, the box was tightly sealed with 

the wrap and put out under direct solar irradiation. A temperature gradient was built up 

between the metal box wall, air-cooled plastic wrap surface and the photothermal-heated 

water vapor sorbent, which provided the driving force of condensation process (Figure 5-

19a, right). Figure 5-19b-1 and b-2 present the digital photos of the device in water vapor 

sorption mode and water production mode, respectively. The transmittance and 

reflectance UV-vis-NIR (250-2500 nm) spectra of the plastic film were tested to estimate 

the percentage of solar energy absorbed by the plastic film (Figure 5-20). As can be seen, 
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the transmittance of the plastic film maintained at ~90% in the whole range while its 

reflectance was around 10%. The thin film only showed a light absorbance of around 7% 

within the wavelength of 2250-2500 nm, meaning this film is almost transparent to the 

full spectrum of the sunlight. 

 

Figure 5-19. (a) Schematic of batch-processed AWH device. Left: Water vapor sorption 

mode, plastic wrap was removed and the sorbent was sheltered from sunlight irradiation. 

Right: Desorption and water-production mode, plastic wrap covered the container. (b) 

Digital photos of batch-process based AWH device in water-production mode (b-1), 

water vapor sorption mode (b-2), water collected in batch 1-3 (b-3) (red dash line 

indicates water level), and accumulated water collected for all three batches (b-4). (c) 

Weather data of March 21, 2019. 
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Figure 5-20. The UV-vis-NIR transmittance/reflectance spectrum of the plastic film used 

in the field test. 

In the outdoor test, the device with 12.6 g of pre-dried HCS-LiCl nano sorbent was first 

kept outdoor overnight inside KAUST campus at Thuwal, KSA (21:00  March 20, 2019 

to 8:10, March 21, 2019, with an average temperature of 25 oC and an average relative 

humidity was 60-70%, mixing ratio 12.11-13.76 g/kgair) (Figure 5-19c). The first 

sunlight-induced water production process was started on March 21, 2019 at 8:20 am 

local time (GMT+3), and around 7.7 g of water was collected within 80 minutes (8:20-

9:40 am). after the first water production process was finished, the plastic wrap was 

removed and the device was placed in a shadowed area for 2 hours for the second water 

vapor sorption process (9:45-11:45 am, ~71% RH). The second water production process 

was conducted between 11:50-13:10 (80 minutes) and around 6.5 g of water was 

collected within this batch (Figure 5-19b-3). In the third cycle, the device was also placed 

in a shadowed area for 2 hours for water vapor sorption (13:20-15:20 pm, ~63% RH). 

However, in the third water production process, due to the sunlight strength attenuation 
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(Figure 5-19c), the device was aligned to face the sunlight incident direction and the 

irradiation time was extended to 120 minutes (15:30-17:30) to get a better water release 

performance. Finally, around 5.4 g of water was collected during the third batch. 

The water production performance of HCS-LiCl was gradually reduced in the three water 

harvesting cycles. The reason can be explained as follows. (1) The experiment started 

with the water vapor sorbent placed outdoors overnight and thus the sorbent had a longer 

sorption time to achieve its maximum water vapor uptake capacity in the first sorption 

process (i.e. 11 hours 20 minutes vs. 2 hours in the second/third sorption process). (2) 

The humidity decreased during the day. (3) The sunlight was attenuated significantly by 

the end of the day. Even though the third water harvesting batch was aligned to face the 

incident sunlight and had a longer irradiation time, its water production performance was 

lower than the first two cycles. 

Due to the insufficient heat conductivity of air (i.e. 0.024 W/(m K)), the heat dissipation 

through heat conduction is insignificant. Thus, the heat convection plays a more 

important role for heat removal from the condensation chamber. 

𝑃𝑐𝑜𝑛𝑣 = ℎ𝐴(𝑇2 − 𝑇1)                    5-7 

Where Pconv is the power of heat convection, h is the convection heat transfer coefficient 

of air (10 W/(m2K) for indoor case), A is the surface area of copper condensation 

chamber, T2-T1 is the temperature difference between copper and air. 

The power of latent heat (PLH) released from the condensed water vapor can be calculated 

as follow: 
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𝑃𝐿𝐻 =
𝑚/𝑀×𝛥𝐻𝑣𝑎𝑝

𝑡
                         5-8 

Where m, M, ΔHvap, and t represent the weight of harvested water, mole weight of water, 

the enthalpy of vaporization of water, and the duration time for the collection, 

respectively. 

When the system is in equilibrium state, the heat dissipated through convection is equal 

to the latent heat released from condensation. 

𝑚/𝑀×𝛥𝐻𝑣𝑎𝑝

𝑡
= ℎ𝐴(𝑇2 − 𝑇1)           5-9 

Thus, the temperature difference between copper and air can be calculated as: 

(𝑇2 − 𝑇1) =
𝑚/𝑀×𝛥𝐻𝑣𝑎𝑝

ℎ𝐴𝑡
                5-10 

In the continuous AWG water harvesting experiment, the highest water production rate is 

1.25 g within 4 hours. The area of condensation chamber is 0.0113 m2, thus the 

temperature difference (T2-T1) is calculated to be 1.88 oC. The small temperature 

difference demonstrates the sufficient latent heat dissipation rate of the copper 

condensation chamber. In the end, the device produced an accumulative amount of ~19.6 

g fresh water (Figure 5-19b-4), which is 1.6 times the weight of the dry sorbent. 

The selection of the time scale in each cycle was determined by the time efficiency and 

sunlight strength. Since the device relies upon solar energy as the heat source, desorption 

and water production mode is not operational during the night, thus the device was placed 

outdoor overnight to saturate its capacity. Based on the STA-MHG water vapor sorption 

test, the optimized sorption rate and ~70-80% of the maximum capacity can be achieved 
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within this time scale of <120 min. Considering the time efficiency, a duration of 2 hours 

was used as the water vapor sorption time for the second and third water harvesting cycle. 

For the water vapor desorption process, the time scale is mainly determined by the 

sunlight strength during the day. The sunlight strength was sufficient to support the water 

release process of the sorbent during the morning and noon. However, after 15:30, the 

light strength quickly attenuated to an insufficient level and the photothermal-induced 

sorbent temperature may not enough to quickly release the absorbed water. Thus, for the 

first and second water harvesting process, a duration of 80 min was used for the 

desorption process and for the third water production cycle we chose to extend the 

desorption time to 120 min and align the device facing to the sunlight. 

The water production yield of HCS-LiCl nano sorbent under STA test condition was 

estimated as follows. Based on the STA result obtained under RH 60%, 25 oC, the 80-min 

water uptake capacity for each gram of HCS-LiCl nano sorbent was ~0.93 g, thus 12.6 g 

sorbent could capture 11.7 g water in each individual water vapor sorption cycle. The 

first water vapor sorption batch was carried for the overnight time, the amount of water 

vapor captured by the nano sorbent could be the maximum capacity, which is 1.12 

g/gsorbent.  There by, the total water production under STA condition was estimated to be 

37.6 g. 

This lower water production rate in the batch-mode AWG can be attributed to the 

following reasons: (1) in the laboratory condition, the test system purges carrier gas 

continuously with constant humidity (i.e. RH 10-20%) to take away the released water 

vapor in the desorption process. In the field condition of the device, a closed chamber is 
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required, and during water vapor release process, the relative humidity inside the 

chamber is ~100% and its temperature is high. Thereby, a much higher water vapor 

partial pressure is present in the device. (2)  The sunlight strength is not high enough for 

HCS-LiCl to generate sufficient desorption temperature in the field condition at current 

climate condition. (3) The device is not optimized. 

Table 5-1. Water quality analysis of water production from the outdoor experiment 

Ion concentration test 

 Iron (Fe) Lithium (Li) 

DI water Below 0.01 ppm Below 0.01 ppm 

Water from AWG 0.02 ppm 0.01 ppm 

5 ppm QC 5.01 ppm 4.98 ppm 

WHO guideline 0.30 ppm N/A 

TOC test 

 TOC concentration 

DI water 0.12 ppm 

Water from AWG 1.96 ppm 

10 ppm QC 10.09 ppm 

 

By comparison, the water production rate of HCS-LiCl in outdoor condition was only 

half of what predicted by the indoor STA test (~38 g, similar climate condition, 12.6 g of 

dried HCS-LiCl), indicating a significant potential for further improvement. The outdoor 

field experiment of HCS-LiCl demonstrates that the sorbent is capable of providing 

multiple water vapor sorption/water production cycles within one day. Even though the 
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AWH device needs further improvement, the device in the field experiment still shows an 

excellent water production yield (i.e. 1.6 gwater/gsorbent within one day). 

The quality of water from the outdoor experiment was inspected by the ICP-OES and 

TOC analyzer. The concentration of lithium (from the LiCl salt in the HCS-LiCl sorbent) 

and iron (from the condensation chamber, i.e., cookie box) are checked. A deionized 

water sample generated from a Milli-Q system, a standard sample contains 5 ppm of 

lithium and 5 ppm of iron were used as the quality control (QC). For TOC analysis, the 

TOC analyzer was pre-calibrated by the TOC standard sample with a concentration of 

0.10, 0.25, 0.50, 1.0, 5.0, 10 and 20 ppm, respectively. Deionized water and 10 ppm TOC 

standard sample were used as quality control. The quality inspection results of the water 

sample from the outdoor experiment are listed in Table 5-1. As can be seen, the water 

quality fulfills the WHO requirement. The TOC concentration is 1.96 ppm, which may 

resulted by the absorption of airborne organic compounds during water vapor sorption 

process. 

5.3.5 HCS-LiCl based continuous AWG device. 

 

The conceptual design of the continuous AWG device is shown in Figure 5-21a and 

Figure 5-22. Figure 5-21b presents a digital photo of the real device. The dimension of 

the device is 11.15 × 10.75 × 10.00 cm3, with a rotational cylinder encapsulated (Φ=42 

mm, L=74 mm). The mainframe, center frame, and rotational cylinder were made of 

poly(methyl methacrylate) (PMMA) plastic and assembled by bolt sets. The rotational 

cylinder was wrapped by HCS-LiCl@SiO2 with a sorbent mass loading of 0.03 g/cm2. 

Copper was used to build up condensation chamber due to its good heat conductivity and 
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stability. Hydrophobic material polytetrafluoroethylene (PTFE) was fabricated into the 

water collector. The water collector had a sloping angle to direct the water flow to the 

water outlet hole in the copper condensation chamber. A stepper motor with a tunable 

rotation rate was used to drive the sorbent-loaded center cylinder. In practical application, 

several other methods, such as wind, can be used to drive the rotational cylinder when 

electricity is not available. Since the prototype we demonstrated in this work was made of 

transparent material to show its inner structure, aluminum foil was used to shelter the 

excessive sunlight to avoid over-heating of mainframe and the water vapor sorbents 

inside the mainframe during the operation. 

In this continuous device, the rotational cylinder loaded with water vapor sorbent is 

placed between two grooved frames. The top sector of the rotational cylinder is exposed 

to the sunlight and condensation chamber to release water, while the bottom sector is 

exposed to the ambient to harvest water vapor (Figure 5-21b). The incident sunlight 

penetrates the transparent cap and irradiates on the top sector of the rotational cylinder 

(Figure 5-21c). The water-saturated water vapor sorbent is quickly heated up and releases 

water in vapor phase. The released water vapor is condensed on the top plastic cover and 

on the sidewall of copper condensation chamber (Figure 5-21d), the condensed water 

droplets on the sidewalls slide down to the PTFE collector and direct to the water outlet. 

The dehydrated water vapor sorbent is rotated to the bottom side along with the rotation 

of the center cylinder, and starts the next water vapor sorption and photothermal-assisted 

water release cycle. The water content and temperature profile of water vapor sorbent are 

colored by two concentric rings. 
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Figure 5-21. (a) Schematic of cross sectional view of the sorption-based continuous 

AWG prototype. (b)-(d) Digital photo of final assembled AWG device, AWG device in 

operation, and water condensed on the side wall of the condensation chamber, 

respectively. (e) Cumulative water production yield of AWG device under varied 

cylinder rotation rate. (f) IR image of water vapor sorbent exposed to the sunlight under 

varied cylinder rotation rate. (g) Temperature profile of water vapor sorbent exposed to 

the sunlight under varied cylinder rotation rate. The simulated sunlight strength in this 

test was1 kW/m2. 
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Figure 5-22. (a) Detailed assembly and (b) schematic of sorption-based continuous AWG 

device. 

The prototype was tested in the lab condition where environmental conditions are 

controlled by the centralized heating, ventilation, and air conditioning (HVAC) system. 

The temperature and the relative humidity is maintained at 22 oC, 60%, respectively. 

Given the small size of the device and the outstanding heat conductivity of metal 

condensation chamber, the condenser temperature was similar to the environmental 

temperature (i.e., 22 oC). For each rotation rate condition, 3 batches of the experiment 

were conducted under a specific collection duration (i.e., 1, 2, and 4 hours). The 

calculation of sorbent exposure time under sunlight in the continuous AWG is listed as 

follow: 
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Figure 5-23. Parameters of rotational cylinder. 

The length of rotational cylinder is 74 mm, the overall water vapor sorbent area can be 

calculated as below: 

𝐴1 = 2𝜋𝑟𝑙 = 9768𝑚𝑚2 = 97.68𝑐𝑚2       5-11 

The area of water vapor sorbent exposed to the sunlight: 

𝐴2 = 𝐴1 × (
𝛼

360°
) = 24.2𝑐𝑚2                       5-12 

The averaged sunlight exposure time for the water vapor sorbent is: 

𝑡 =
89.2°

𝑁×360°
× 60𝑚𝑖𝑛                                        5-13 

Where N is rotation rate. The exposure time was calculated and listed as follow: 
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Table 5-2. Calculated sorbent exposure time based on the rotation rate of center rotational 

cylinder. 

Rotation rate (rph*) 4 1.5 0.75 0.5 

t (min) 3.7 9.9 19.8 29.7 

*: rph represents for revolution per hour. 

A pre-weighted filter paper was used to collect the condensed water by the end of each 

test. The water production yield of each individual test can be calculated from the weight 

difference of the filter paper. The water production performance of the continuous AWG 

prototype is compared in Figure 5-21e. A quantity of 0.24, 0.30, 0.09, and 0.02 g water 

was produced during first hour with the cylinder rotation rate of 0.50, 0.75, 1.25, and 4 

revolution per hour (rph), respectively. These trends can be observed even when the 

collection duration time was extended to 2 and 4 hours. By the end of the 4-hour test, 

0.69, 1.25, 0.3, and 0.035 g of water was collected under rotation rate of 0.5, 0.75, 1.5, 

and 4 rph, respectively. A detailed list of water harvesting rate in the varied conditions 

has been displayed in Table 5-3. An IR camera was used to observe the temperature of 

the water vapor sorbent under sunlight irradiation with varied rotation rate (Figure 5-21f). 

The dash line in each of the IR images covered the “cold” region (i.e., less than 40 oC) of 

the water vapor sorbent, and the size of “cold” region expanded along with the increased 

cylinder rotation rate. The temperature gradient across the sorbent surface (green line 

across the IR image) also confirmed the temperature difference under varied rotation rate 

(Figure 5-21g). The desorption rate of water from the sorbent was lower due to the 

lowered temperature under faster rotation rate. However, if the rotation rate of the 

cylinder is too slow (e.g., 0.5 rph), on the one hand, the water vapor sorbent exposed to 
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the sunlight will be exhausted due to over exposure. On the other hand, the adjacent 

water vapor sorbent is collaterally heated up and thus releases water before moving into 

the condensation chamber due to the internal heat conduction, thus leading to a decreased 

water production yield. The water production yield was estimated to be 0.84 gwater/g sorbent 

within 8 hours. Ongoing effort is being made on improving the overall efficiency of the 

device. 

In summary, the sorption-based continuous AWG device we presented in this work can 

harvest water from the air continuously. To the best of our knowledge, this is the first 

sorption-based continuous AWG device ever reported, whose performance needs further 

improvement. 

Table 5-3. The detailed water harvesting rate in the varied test conditions. 

 0.5 rph 0.75 rph 1.5 rph 4 rph 

Collection 

time (h) 

Rotational 

cycles (r) 

Harvested 

water (g) 

Rotational 

cycles (r) 

Harvested 

water (g) 

Rotational 

cycles (r) 

Harvested 

water (g) 

Rotational 

cycles (r) 

Harvested 

water (g) 

1 0.5 0.24 0.75 0.3 1.5 0.09 4 0.02 

2 1.0 0.45 1.5 0.61 3 0.15 8 0.031 

4 2.0 0.69 3.0 1.25 6 0.3 16 0.035 

5.4 Conclusion 

 

In conclusion, a nano-scaled photothermal water vapor sorbent with a spherical 

photothermal shell and a hygroscopic salt core was designed and synthesized. The water 

vapor sorption and desorption kinetics were largely enhanced comparing with the 

previously reported water vapor sorbents. The sorbent is capable of absorbing water 
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vapor from air as much as 100% of its own weight within 3 hours under RH 60%. The 

absorbed water can be quickly released within 30 minutes under 1 kW/m2 sunlight 

irradiation. A batch process-based AWG demonstrated the superior water production 

yield as much as 1.6 kg water per kilogram sorbent per day, which was enabled by its 

multiple atmospheric water harvesting cycles within one day. A sorption-based 

conceptual prototype of continuous AWG device was assembled and investigated in the 

laboratory condition. The continuous production of clean water was successfully 

demonstrated. 
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6. Chapter 6. Photovoltaic Panel Cooling by Atmospheric Water 

Sorption-Evaporation Cycle 
 

6.1. Introduction 
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Solar energy is the most abundant, inexhaustible and clean renewable energy resource till 

date. A photovoltaic (PV) system converts solar energy into usable electricity and is 

currently the most popular means of solar energy utilization.1-2 In 2017, the total installed 

capacity of solar PV panels worldwide reached 404.5 gigawatts (GW) and it is projected 

that the global PV capacity will reach 969 GW by 2025.3 Generally, only 6%‒25% of the 

absorbed solar energy is converted to electricity by commercial solar PV panels, with the 

rest inevitably converted to heat with a heat power of around 600 to 900 W/m2 under one-

sun illumination.4-5 The heat increases the temperature of the solar panel up to 40 oC 

above the ambient temperature.6 The raised temperature of the PV panel is detrimental to 

the energy conversion of the panel, with a reported 0.4-0.5% energy efficiency loss for 

each degree of temperature rise.7-9  In addition, high temperature degrades the lifetime of 

the solar panel.10-11 Thus, effective cooling of the PV panel is highly important for 

effective and long-term power generation in solar power plant. 

The current PV panel cooling technologies can be divided into two categories: active 

cooling and passive cooling.12-14 Active cooling uses coolant such as water or air to 

dissipate heat from the surface of PV panel.15-17 While it has high cooling efficiency, it 

requires complicated engineering design and needs energy to power up condenser and re-

flux coolant.18-19 On the other hand, passive cooling relies on such natural processes as 

heat radiation and natural ventilation to enhance the heat dissipation.20-25 While passive 

cooling has simple system design and small energy consumption, it provides relatively 

small cooling power.26 Thus, engineering simple, inexpensive, and effective design for 

solar panel cooling is highly sought after. 
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In this work, we demonstrate a simple but effective new PV cooling strategy to enhance 

the power output of commercial PV panels. The cooling component in the design is an 

atmospheric water harvester (AWH). The AWH harvests atmospheric water vapor by the 

sorption-based approach in the evening and at night, vaporizes and thus releases the 

sorbed water by utilizing the waste heat from the PV panel as energy source during 

daytime.27-30 Due to the large enthalpy of water vaporization (~2450 J/g), the evaporation 

of the sorbed water takes away large amount of heat and thus keeps the PV panel in a 

relatively low temperature under solar irradiation.31 The AWG in this work is directly 

attached on the backside of a commercial PV panel and extracts and stores large quantity 

of water from air even with very low relative humidity (RH) (i.e. <35%) in the evening 

and during night when the PV panel is not operating. During daytime, as the PV panel is 

heated up and its conducts heat to the AWH cooling layer. The heat in turn drives 

evaporation of the stored water in the AWH accordingly, leading to a lowered PV panel 

temperature. Our results show the AWH can provide an averaged cooling power of 295 

W/m2 when the solar cell is exposed under one Sun illumination, leading to >10 ˚C 

decrease in the temperature and up to 15% increase in power output of the solar cell 

relative to the case in the absence of the AWH. The advantages of this AWH based PV 

cooling approach are: (1) it has a very simple engineering design; (2) its application is 

globally suitable and not restricted by availability of liquid water since it harvests 

moisture even from very dry air; (3) the cooling process is rationally designed to be 

solely waste-heat based and thus does not entail any additional energy consumption; (4) 

the design of the system allows for flexibility so that the evaporated water can be easily 
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collected as fresh water for other foreseeable beneficial uses, potentially including solar 

panel dust removal and top surface cooling.  

6.2. Experiments and Methods 

 

6.2.1. Chemical and Materials 

 

Acrylamide monomer (AM, 99%), N,N’-methylenebis(acrylamide) (MBAA, 99%), 

N,N,N’N’-Tetramethylethylenediamine (TEMED, 99%), carbon nanotube (CNT, multi-

walled), nitric acid, and calcium chloride (CaCl2, 99%) were purchased from Sigma-

Aldrich. Potassium persulfate (KPS, 99%) was purchased from Acros Organics. All 

chemicals were used without further purification. Deionized (DI) water (18.2 MΩ, from 

Milli-Q system) was used throughout the experiments. Commercial photovoltaic (PV) 

panel was purchased from SUNTHING GOOD Co., Ltd. 

6.2.2. Fabrication of Polyacrylamide (PAM)-CNT-CaCl2 Hydrogel 

 

Pretreatment of CNT. The pretreatment of CNT was followed with a previous work. 

Briefly, 6.0 g of as-purchased CNT was dispersed in a mixture of sulfuric acid (97%, 180 

mL) and nitric acid (70%, 60 mL). After refluxed for 4 h at 70 oC, the dispersion was 

sonicated for 2 hours, filtrated and washed by DI water thoroughly before use. 

Preparation of PAM-CNT-CaCl2 hydrogel. 25.0 g of AM was dissolved in 125 mL of 

0.5 mg/mL CNT aqueous dispersion, followed by purging with nitrogen to eliminate 

dissolved oxygen. Then, 0.125 g of KPS and 0.048 g of MBAA were added into the 

dispersion as initiator and cross-linking agent, respectively. Finally, 2 mL of TEMED 
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was added as cross-linking accelerator. After settling the mixture overnight under a 

nitrogen atmosphere, the PAM-CNT hydrogel was obtained. To load CaCl2 into the 

hydrogel, the as-prepared PAM-CNT hydrogel was first freeze-dried at −80 oC (FreeZone 

2.5 plus, LABCONCO), followed by immersing the dry hydrogel in 125 mL CaCl2 

solution (0.4 g/mL) for 48 hours under ambient condition to fabricate the PAM-CNT-

CaCl2 hydrogel. 

6.2.3. Material Characterization 

 

Scanning electron microscopy image was obtained by a Zeiss Merlin field emission 

scanning electron microscope (FE-SEM). The metal content in the condensed water was 

examined by inductively coupled plasma-optical emission spectroscopy (ICP-OES, 

Agilent 5100) equipped with charge-coupled device (CCD detector) and charge injection 

device (CID detector).  

Water vapor sorption and desorption tests were conducted on a simultaneous thermal 

analyzer (STA, Jupiter STA-449, NETZSCH) coupled with a modular humidity generator 

(MHG, ProUmid). The humidity generator was programmed to output nitrogen flow (100 

mL/min) with predefined relative humidity (RH) and equilibration time. The STA 

furnace was first heated up to 85 oC to release the sorbed water and then cooled down to 

25 oC for the water vapor sorption test.  

6.2.4. Device assembly 

 

The as-obtained PAM-CNT-CaCl2 hydrogel was directly attached to the backside of 

commercialized PV panel due to its self-adhesion property. For PV panel cooling, the 
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hydrogel attached PV panel was directly mounted on a homemade polystyrene frame, and 

the water evaporated from the hydrogel was directly released to the ambient air. For PV 

panel cooling with water collection, an additional condensation chamber was attached to 

cover the hydrogel and to collect the released water.  

6.2.5 PV panel cooling test 

 

The performance of the PV panel under different working conditions was tested on a 

Keithley-2400 source meter. The hydrogel-attached PV panel was first placed in the 

ambient with RH of 60% and temperature of 25 oC for 17 hours. Then the PV panel was 

directly exposed to the simulated sunlight (Oriel 94023A solar simulator, AM 1.5 filter). 

The mass change of the PV panel with the hydrogel was measured and recorded by an 

electronic balance connected to a computer. An IR camera (FLIR 655sc) was used to 

monitor and record the temperature change of the PV panel. 

The simulated daylight was used to test the performance of the hydrogel-based cooling 

layer. The light intensity of solar simulator was tuned to reflect the daily variation of light 

strength during a day. The detailed parameters can be found in Table 6.1. 
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Table 6-1. Parameters of simulated daylight test 

Light strength (W/m2) Cumulative illumination 

time (hours) 

Simulated time scale 

400 1 7:00-8:00 

600 2 8:00-9:00 

800 3 9:00-10:00 

950 4 10:00-11:00 

1040 5 11:00-12:00 

1060 6 12:00-13:00 

1030 7 13:00-14:00 

940 8 14:00-15:00 

800 9 15:00-16:00 

600 10 16:00-17:00 

400 11 17:00-18:00 

 

6.3. Results and discussion 

 

In this work, a proof-of-concept of the atmospheric water sorption and evaporation based 

cooling strategy is provided by using a commercial PV panel combined with a hydrogel 

based AWH, consisting of CNT-embedded cross-linked polyacrylamide (PAM) as 

substrate and calcium chloride as water vapor sorbent (PAM-CNT-CaCl2). The choice of 

PAM-CNT-CaCl2 is due to the consideration of water vapor sorption ability, stability, 

operation convenience, etc. More specifically, the hygroscopic salt CaCl2 in the PAM 

hydrogel makes the AWH able to capture a large quantity of water vapor from the air due 

to its extremely high water affinity. The PAM hydrogel framework endues the composite 
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with a gel-like solid form, which holds CaCl2 and its sorbed water at night and allows for 

controlled evaporation taking place during daytime. CNT is present in the hydrogel 

matrix to increase the emissivity and to promote heat compensation efficiency through 

thermal radiation of the AWH cooling layer (Figure 6-1).32  

 

Figure 6-1. (a) IR images of PAM-CaCl2 (left) and PAM-CNT-CaCl2 hydrogel (right). 

The comparison indicates a lower emissivity of PAM-CaCl2 hydrogel. Both hydrogels 

were pre-stabilized under the same conditions for 1 hour. (b) and (c) IR images of PV 

panel with and without hydrogel attached, respectively. 

6.3.1. Synthesis of PAM-CNT-CaCl2 hydrogel cooling layer 

 

The PAM-CNT-CaCl2 hydrogel was fabricated following a similar procedure reported in 

literature, which is schematically presented in Figure 6-2.29 The PAM-CNT hydrogel 

matrix was fabricated by in-situ polymerization of AM monomer in a CNT aqueous 

dispersion (step 1 of Figure 6-2). Freeze-drying was used to remove water solvent and to 

build a porous structure in the PAM-CNT hydrogel. The freeze-dried hydrogel was then 
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infiltrated by a CaCl2 aqueous solution to impregnate CaCl2 into the hydrogel matrix 

(step 2 of Figure 6-2). The PAM hydrogel gives the composite a gel-like solid form even 

after a large amount of water is sorbed. Because of the high hydrophilicity and swelling 

behavior of the hydrogel, the composite hydrogel shows a similar water sorption behavior 

to pure CaCl2. Finally, the hydrogel was attached to the backside of the PV panel to serve 

as the cooling layer (step 3 of Figure 6-2). 

 

Figure 6-2. Schematic of PAM-CNT-CaCl2 cooling layer synthesis process (step 1 and 2) 

and two PV panel working modes (step 3). 

The SEM images of the freeze-dried PAM-CNT hydrogel (Figure 6-3a and b) clearly 

reveal the porous structure of the hydrogel. The average pore diameter is estimated to be 

around 3 μm and the wall thickness is ~100 nm. The size and thickness of the PAM-

CNT-CaCl2 hydrogel can be easily adjusted according to the shape and scale of PV panel 

by using a pre-fabricated mold or just by knife cutting. Figure 6-3c shows a digital photo 

of a PAM-CNT-CaCl2 hydrogel that was cut by a knife. The hydrogel can automatically 

and firmly attach to the backside of PV panel without additional assistance due to the rich 

hydrogen bonds of the hydrogel (Figure 6-3d).  
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The water vapor sorption property of the PAM-CNT-CaCl2 hydrogel under static RH 

mode was conducted on a simultaneous thermal analyzer (STA) coupled with module 

humidity generator (Figure 6-3e-g). The STA furnace was programmed to simulate the 

temperature during the night (25 oC, water vapor sorption process). The flow temperature 

and flow rate of nitrogen carrier were set to be 25oC, 100 mL/min while the pre-

designated RH was set to be 35, 60, and 80%, respectively. The sorption curves of static 

RH test present the weight change profiles of the sample during the tests, while the 

derivative weight change curves reflect the instant sorption rates during the test.  As 

shown in Figure 6-3e, when RH was at a low level (i.e. 35%), the final water uptake 

value was ~50% compared with the original weight of the dehydrated PAM-CNT-CaCl2 

hydrogel. The sorption rate increased to its peak value (~1.5 mg/g min) within 1 hour, 

and then slowly dropped back to zero at the end of the test. A similar trend of the sorption 

rate could be found when the RH was set at 60 and 80%, respectively. The amount of 

absorbed water by PAM-CNT-CaCl2 at RH 60% and 80% was ~99% and ~160% in 15 

hours, respectively. However, the peak values of derivative weight change of the 

hydrogel at RH 60% and 80% are quite similar (i.e. 4.4 vs 4.6 mg/g min, Figure 6-3f and 

g). This phenomenon is mainly attributed to the restrained diffusion rate and kinetic of 

the water molecules sorbed by the hydrogel. Presumably, during the sorption process, 

water vapor is rapidly sorbed by the salt at first on the external surface of the hydrogel to 

form a water film layer, which, once formed, blocks the water vapor to access the salt 

inside the hydrogel. Therefore, the water molecules have to penetrate through the surface 

water layer and diffuse into the inner part of the hydrogel. Thereby, the rate of water 

vapor sorption and the diffusion rate of the sorbed water limit the overall performance. 
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The water vapor sorption results indicate that PAM-CNT-CaCl2 hydrogel is capable of 

harvesting a large quantity of water from air. 

 

Figure 6-3. (a) SEM image and (b) magnified SEM image of freeze-dried PAM-CNT 

hydrogel. (c) Digital photo of PAM-CNT-CaCl2 hydrogel, which was cut into a squared 

shape by knife. (d) Digital photos of the hydrogel cooling layer attached to the backside 

of the commercial PV panel. (e)-(g) Water vapor sorption properties of PAM-CNT-CaCl2 

hydrogel under different RH conditions at 25ºC. 

6.3.2. PV panel cooling performance under sunlight 

 

PV panel cooling experiments were performed under simulated sunlight first to 

investigate the effectiveness of the AWH cooling layer. The PV panel used in this work 

was composed of 9 pieces of solar cell in series combination. The effective area of the 

PV panel was 18.2 cm2. The attached hydrogel cooling layer was 5 × 5 × 0.5 cm3 in 

dimension and was exposed to the ambient condition (RH 60%, 22 oC) for 17 hours prior 
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to the test. The experiments were performed under simulated sunlight with different light 

intensities (0.8, 1.0, and 1.2 kW/m2) for 3 hours. Based on the I-V curves obtained, the 

characteristics (i.e. open circuit voltage (Voc), filling factor (FF) efficiency, and 

maximum power output (Pmax)) of the PV panel were calculated and compared.  

As can be seen in Figure 6-4a, the equilibrium temperature of the PV panel under 0.8 

kW/m2 sunlight irradiation was ~57 oC (without cooling layer) and 45 oC (with cooling 

layer). The temperature profiles of the PV panel under 1.0 W/m2 and 1.2 W/m2 sunlight 

irradiation are shown in Figure 6-4b and c, where a temperature drop of 10-15 oC was 

achieved when the AWH cooling layer was employed. The weight loss profile (Figure 6-

4d) of the hydrogel shows the amount of the water evaporated during the test. As can be 

seen clearly, the water evaporation rate (the slope of the curves) was highly dependent on 

the irradiated light intensity. For the conditions of 0.8, 1.0, and 1.2 kW/m2 light 

irradiation, around 2.75, 3.25, and 3.65 g of water was evaporated throughout the period 

of test. The averaged cooling power (P) induced by water evaporation under each 

condition was calculated based on following equation.    

𝑃 =
∆𝐻𝑣𝑎𝑝 × ∆𝑚

𝑡 × 𝐴
 

Where ΔHvap is the enthalpy of vaporization of water (2450 J/g), Δm is the weight loss of 

hydrogel due to water evaporation, t is test time (3 hours), and A is surface area of 

hydrogel (25 cm2). Thus, the cooling power of AWH cooling layer under 0.8, 1.0, and 1.2 

kW/m2 sunlight irradiation is 249.5, 294.9, and 331.2 W/m2, respectively. These values 

are much higher than the radiative cooling (i.e. 40-120 W/m2).33  
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Figure 6-4. Temperature profile of the PV panel with/without AWH cooling layer under 

(a) 0.8 kW/m2, (b) 1.0 kW/m2, and (c) 1.2 kW/m2, (d) weight loss profile of the hydrogel 

during the test. The original weight of hydrogel was 11.0 g. 

The I-V curves of the PV panel with and without AWH cooling layer under 0.8 kW/m2 

sunlight irradiation are shown in Figure 6-5a and b. In both occasions, the currents 

decreased with increasing voltages and the I-V curves corresponding to longer sunlight 

irradiation occurred below the curves corresponding to shorter irradiation time, indicating 

a poorer performance under longer irradiation. Similar I-V curves were observed when 

the light intensity was increased to 1.0 kW/m2. Besides, the I-V curves in the presence of 

AWH cooling layer presented a delayed performance drop while the one without quickly 

reached its equilibrium of its minimized performance (Figure 6 a and b).  
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Figure 6-5. I-V curves of PV panel (a) with and (b) without hydrogel cooling layer. (c) 

Voc, (d) FF, (e) efficiency, and (f) Pmax of PV panel with and without the hydrogel cooling 

layer under 0.8 kW/m2 sunlight irradiation. 

 

Figure 6-6. (a) I-V curve of PV panel with hydrogel cooling layer attached. (b) IV curve 

of PV panel without hydrogel cooling layer. (c)-(f) Comparison of Voc, FF, efficiency, 

and Pmax, respectively. The light strength is 1.0 kW/m2. 
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Figure 6-7. (a) I-V curve of PV panel with hydrogel cooling layer attached. (b) IV curve 

of PV panel without hydrogel cooling layer. (c)-(f) Comparison of Voc, FF, efficiency, 

and Pmax, respectively. The light strength is 1.0 kW/m2. 

In the equatorial or low latitude regions such as the Middle East and Africa, the peak 

sunlight intensity can be more than 1.2 kW/m2 during the mid-day of summer.34-35 Under 

1.2 kW/m2 solar irradiation, the current of PV panel quickly dropped to its minimal value 

within 15 minutes, indicating a quick performance drop under strong light condition. In 

the presence of the AWH cooling layer, the IV curve shows a postphoned performance 

drop (Figure 6-7a and b). 

The characteristics of the PV panel (i.e. Voc, FF, Pmax, and efficiency) were recorded 

under varied test conditions (Figure 6-8). When the PV panel was operating without the 

AWH cooling layer, Voc of the PV panel under 0.8, 1.0, and 1.2 kW/m2 sunlight 

irradiation quickly dropped from 5.68 V to 5.25 V, 5.70 to 5.20 V, and 5.71 V to 5.18 V 

by the end of the first 15 minutes, followed by a plateau region thereafter. In contrast, 

when the AWH cooling layer was present, the Voc of the PV panel dropped from 5.70 V 
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to 5.45 V, 5.75 to 5.40 V, and 5.76 V to 5.41 V by the end of the first 15 minutes, 

followed by a slow drop to 5.33 V, 5.30, and 5.26 V after 3 hours test (Figure 6-8 a).  

A similar trend was observed for FF, with the AWH cooling layer delivering a better FF 

than without (i.e. 71% vs. 69%, 70% vs. 68% for 0.8 and 1.0 kW/m2 light irradiation, 

respectively). Under 1.2 kW/m2 sunlight irradiation, the one with AWH cooling layer 

shows a higher FF value than that without until the end of 105 min. However, by the end 

of the 3 hours test, the FF values of both cases were similar (Figure 6-8b). 

In the absence of the AWH cooling layer, within the first 30 minutes, the efficiency of the 

PV panel quickly dropped from 14.8% to 13.5%, 13.7% to 11.8% and 14% to 11.9% for 

the conditions of 0.8, 1.0, and 1.2 kW/m2 sunlight irradiation, respectively. In contrast, in 

the presence of the AWH cooling layer, the efficiency of the PV panel preserved the 

value of 14.0%, 12.6% and 12.75% by the end of the experiment. (Figure 6-8c). 

The maximum power output, which indicates the electrical power generation ability of 

the PV panel, is also compared. The Pmax of PV panel without the cooling layer quickly 

dropped from 221 mW to 193 mW (0.8 kW/m2), 255 mW to 225 mW (1.0 kW/m2), and 

315 mW to 270 mW (1.2 kW/m2) within the first 15 minutes. The Pmax of PV panel 

cooled by the AWH layer slowly dropped to 208 mW (0.8 kW/m2) and 222 mW (1.0 

kW/m2) after 30 minutes sunlight irradiation and these values remained almost 

unchanged until the end of the 3 hours test. For the condition of 1.2 kW/m2 sunlight 

irradiation, the Pmax slowly dropped from 317 mW to 290 mW by the end of the first hour 

and further to 280 mW by the end of the test. Therefore, the AWH cooling layer is 
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beneficial to promote the performance of PV panel under various sunlight strength 

(Figure 6-8 d).  

 

Figure 6-8. Parallel comparison of (a) Voc, (b) FF, (c) efficiency, and (d) Pmax, under light 

intensity of 0.8, 1.0, and 1.2 kW/m2, respectively.   

With the AWH cooling layer, the averaged energy efficiency improvement of the PV 

panel is calculated to be 5.2, 5.0, and 7.3% under 0.8, 1.0 and 1.2 kW/m2 condition, 

respectively and Pmax is enhanced by 6.7, 5.3, and 7.4%, respectively. All these results 

clearly demonstrate that the temperature of the solar panel can be significantly decreased 

by evaporation of water from the AWH, which effectively diminishes the effect of the 

temperature increase and results in a better energy conversion performance.  
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When the light intensity was 1.2 kW/m2, the enhanced PV performance was distinctly 

higher than those recorded under 0.8 and 1.0 kW/m2, which is explained as follows. In 

this work, hygroscopic salt CaCl2 is used to capture water vapor from the air and the 

cooling of the PV panel relies on the evaporation of water from CaCl2 aqueous solution 

inside hydrogel. In other words, the CaCl2 solution is being gradually concentrated in the 

course of the evaporation-induced cooling, which requires a gradually increasing 

temperature to drive further evaporation. Under a weak light condition, the evaporation 

rate of CaCl2 solution is suppressed due to a low temperature of the PV panel. Under a 

strong light condition (i.e. 1.0-1.2 kW/m2), due to the higher temperature of the PV panel, 

the evaporation rate is enhanced.  

It is worth pointing out that, after most of the water in the AWH is released, the 

evaporation rate is slowed down and the heat dissipation process is suppressed 

accordingly. Thus, towards the end of the test, the temperature difference between the 

presence and absence of the AWH cooling layer is reduced. It is expected, when a larger 

quantity of AWH is applied, the effect of the AWH assisted cooling will be more 

pronounced for longer period.  

6.3.3. PV panel cooling performance under simulated daylight 

 

A simulated full-day experiment was conducted. The experiment was performed for 11 

hours, starting from the simulated daytime of 7:00 am to 18:00 pm. The solar simulator 

was carefully adjusted every hour to reflect the daily light intensity variation while the 

data points were collected every 15 minutes. Three pieces of hydrogel with a dimension 

of 5 × 5 × 0.6 cm3 were stacked and attached to the PV panel.  
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Figure 6-9a compares the actual sunlight strength in real condition (red color, data 

obtained from NOAA)36 and the applied sunlight in the test, showing a high level of 

similarity. Figure 6-9b shows the Voc change of the PV panel with and without the AWH 

cooling layer during the test. For the Voc change curves obtained before the simulated 

time of 15:00 (i.e., 8 hours test), the absolute value of voltage decreased, which was 

resulted from the increased temperature of PV panel. For the curves after the simulated 

time of 15:00, an increment of Voc was observed. This is because the light was adjusted 

to a lower strength, which lowered the PV panel’s temperature. The averaged Voc value 

of the PV panel with the AWH cooling layer showed 0.2 V higher than that without 

cooling layer. The Pmax with the AWH cooling layer was constantly higher value than that 

without (Figure 6-9c). Due to the fact that the heat generated from the PV panel is not 

significant under weakened sunlight (i.e. 400, 600 W/m2), the differences in temperature 

and Pmax values between the PV panel with and without the cooling layer were not 

considerable.   

 

Figure 6-9. (a) Actual sunlight strength during a day (data obtained from NOAA) and 

simulated sunlight strength during the experiment. (b) Voc and (c) Pmax of PV panel 

with/without hydrogel cooling layer under simulated daylight.  
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When the light intensity is strengthened (i.e. 800-1060 W/m2), the AWH is heated up, the 

evaporation process is enhanced, the heat is compensated through evaporation process, 

and the temperature of the PV panel is reduced. In the absence of the AWH, the increased 

PV panel temperature led to a quiet distinct Pmax value under strong sunlight irradiation 

(3-9 h in the test) than the one in the presence of the AWH. Based on Pmax, an overall 

15.2% increase in power output of the PV panel was obtained with the AWH cooling 

layer, indicating its capability of consistently cooling down PV panel for elongated 

period.  

6.3.4. PV panel cooling and atmospheric water collection  

 

The AWH based PV panel cooling can be modified to produce clean water by having a 

water condensation surface (Figure 6-10a). In one experiment, an aluminum condensation 

chamber was attached right beneath the AWH cooling layer (dimension 5 × 5 × 0.5 cm3), 

which led the surface temperature of the panel stable at ~50 oC during the test (Figure 6-

10b).  As can be seen in Figure 6-10c, the efficiency of PV panel in the presence of the 

condensation chamber decreased from 14.6% to 13.25% at the first 15 min, and finally 

was stabilized at 13%, which was higher than the efficiency of the original PV panel at 

steady state (12.5%). Meanwhile, the Pmax of PV panel with the condensation chamber 

decreased from 267 mW to 246 mW by the end of the experiment, which was higher than 

the steady Pmax of original PV panel (236 mW, Figure 6-10d). At the end of the 

experiment, around 2.0 g of water was collected and the calcium concentration in the 

collected water was below the detection limit of the instrument (i.e. 0.5 ppb). It has to be 

mentioned that the PV panel used in this experiment was different from the one in the 
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previous section and thus a direct performance comparison was not made. The results 

demonstrate that the AWH-based PV panel cooling system can be extended to produce 

liquid water.  

 

Figure 6-10. (a) Schematic and digital photo of test setup for PV panel cooling and water 

collection. The components with the colored dots in the digital photo indicate the 

corresponding sections in the scheme with the same color. (b) The temperature profile of 

the PV panel top surface. Comparison of efficiency (c) and Pmax (d).  

In arid and semi-arid regions that have frequent dust storms or dusty conditions, the 

surface of PV panel is typically and constantly covered with a layer of dust which blocks 

solar irradiation. It has been reported that a single dust storm can reduce the power output 

of PV panel by 20% and more than 50% of power output reduction may be resulted in if 
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PV panel fails to be properly cleaned over six months.37 Water spray is one of the most 

commonly used methods for PV panel cleaning and this work provides a solution of 

harvesting atmospheric water and thus cleaning PV panel in dry regions where getting 

liquid form water is challenging. Furthermore, fresh water supply in the arid and semi-

arid regions largely relies on uneconomical and inefficient long-distance water 

transportation.38-40 This work provides an attractive solution for solar farms to cool down 

PV panels and simultaneously produce clean water for dust cleaning for PV panel and/or 

potable purpose.  

6.4. Conclusion  

 

In conclusion, this work successfully applies atmospheric water sorption-desorption cycle 

to cool down PV panel. The AWH cooling component is capable of providing 295 W/m2 

cooling power under 1000 W/m2 solar irradiation and thus reduces temperature of PV 

panel by at least 10 oC during operation. A 15% increase of maximum power output of 

PV panel can be achieved with the AWH cooling component during a full-day-long 

operation. 
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7. Chapter 7. Conclusion, and Perspective Works 
 

7.1 Conclusion 

 

The major conclusions from this dissertation are listed as follow: 

(1) A general procedure was developed to measure the light-to-heat conversion efficiency 

of photothermal materials with a droplet light heat system. The results indicatedd that 

both MXene and CNT had an outstanding internal light-to-heat conversion efficiency of 

~100%. Exfoliated MXene was further fabricated into a self-floating membrane, in the 

presence of a PS heat barrier, the membrane produced a light-to-water evaporation 

efficiency of 84%. Thus, on the one hand, MXene can be treated as a promising 

photothermal material in several fields; on the other hand, this work demonstrated that 

the enhancement of photothermal-based process can rely on low-cost carbon material 

instead of expensive materials. 

(2) The anhydrous salt was proved to be a good candidate as the low-cost water vapor 

sorbent. In conjunction with sunlight, the salt-based water collection device have a great 

potential to serve as the all self-powered atmospheric water generator (AWG) and 

produce potable water in water scarce regions. The anhydrous salts displayed a 

compatible water uptake capacity and a broader application scenario. Further research 

attentions should be warranted to further improve the available water capacity of the 

device, photothermal energy efficiency, water condensation efficiency, and liquid water 

collection performance of the devices. 
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(3) Hygroscopic salt was successfully embedded in the polymer crosslink, and a hybrid 

hydrogel-based water vapor sorbent was successfully developed, which possesses 

outstanding water sorption capability similar to the pure hygroscopic salt. The flexible 

solid form of hybrid hydrogel makes it an effective AWG components, which 

incorporated both advantages of hygroscopic salt and the solid-state sorbent. The 

excellent water production performance of the hydrogel-based simple and affordable 

AWG was fabricated and confirmed under field conditions. Given the fact that the 

working RH range of the hybrid hydrogel covers most of arid deserts, almost all islands, 

and inland remote regions, the AWG devices based on the hydrogel are low cost, 

versatile, deployable, and thus suitable for delivering much needed fresh water therein.   

(4) A nano-scaled photothermal water vapor sorbent with a spherical photothermal shell 

and a hygroscopic salt core was designed and synthesized. The water vapor sorption and 

desorption kinetics were largely enhanced comparing with the previously reported water 

vapor sorbents. The sorbent is capable of absorbing water vapor from air as much as 

100% of its own weight within 3 hours under RH 60%. The absorbed water can be 

quickly released within 30 minutes under 1 kW/m2 sunlight irradiation. A batch process-

based AWG demonstrated the superior water production yield as much as 1.6 kg water 

per kilogram sorbent per day, which was enabled by its multiple atmospheric water 

harvesting cycles within one day. A sorption-based conceptual prototype of continuous 

AWG device was assembled and investigated in the laboratory condition. The continuous 

production of clean water was successfully demonstrated. 
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(5) A new PV panel cooling strategy that employs sorption-based atmospheric water 

harvester (AWH) as effective cooling component was successfully developed. The AWH 

effectively harvests ambient atmospheric water vapor even from very dry air and 

preserves it when the PV panel is not operating at night. During daytime, the PV panel is 

heated up under sunlight and the heat drives evaporation of the water stored in the AWH, 

carrying large amount of latent heat of water evaporation off the PV panel. A proof-of-

concept device of the AWH based PV cooling provides an averaged cooling power of 

295 W/m2 under 1.0 kW/m2 solar irradiation and enhances the power output of the 

commercial PV panels by up to 15% during a whole day test. The AWH based PV panel 

cooling strategy has little geographical constrain in its application and is promising in 

improving the productivity of existing and future solar power plants. 

7.2 Perspective 

 

The suggested future work include: 

(1) Explore environmental friendly water vapor sorbents with minimized corrosion effect. 

The currently used water vapor sorbents are mainly consists of heavy metals and halide 

elements, which are either potential to be hazard to the environment/human health or 

shows a strong corrosion effect on the metal components. In light of long-term stability 

of AWG system and sustainable development of human society, avoid heavy metal and 

minimize the use of corrosion component is critical for the next-generation water vapor 

sorbent. 
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(2) Investigation of water-sorbent interaction is necessary for the designing of high-

performance water vapor sorbent. Simulation method can be involved to better 

understand the insight of water vapor sorption process. 

(3) Design and re-configure the sorption bed for the AWG with better heat and mass 

transfer property. In the practical AWG design, the heat and mass transfer resistance from 

the external ambient is one of the major obstacle towards the enlarged deployment scale 

of AWG. Thereby, to enhance the heat/mass transfer property in the system scale is 

highly important. 

(4) To combine the AWH with other applications. Since AWH technology can utilize 

water from air, it could shows great potential towards other application scenario beyond 

clean water production. 

(5) Design flexible AWG for individual or household scale applications. A flexible AWG 

could be helpful in some specific situation such as hiking, exploration, boating, and 

emergencies.  


