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Abstract

Water shortage is an increasing threat to humankind. Porous sorbent assisted atmospheric water harvesting
(psaAWH) has emerged as an effective technological countermeasure. In this review, we summarize the types of
porous adsorbents used in psaAWH and provide an overview of their states of development. The water adsorption
mechanism and the processes associated with each material are analyzed, and the application prospects of the
adsorbents are evaluated. The effect of the inherent properties (pore size, functional group, etc.) of the adsorbent
on the water harvesting performance is also discussed. Further, we focus on the water adsorption/desorption
kinetics of the adsorbents and outline various methods to improve the kinetics. At this stage, there are many
strategies for improving the kinetics of the adsorbent, which in turn influences the adsorption process and
intra/inter-crystalline diffusion. However, there is still limited research on the transport of water molecules in
microporous adsorbents for psaAWH. Thus, this aspect is re-examined herein from a new perspective
(superfluidity) in the review. Based on the discussion, we can reasonably infer that water molecule superfluidity
can exist in nanoconfined channels, thus promoting the rapid transport of water molecules. The formation of water
superfluidity is a feasible strategy for improving the intracrystalline diffusion of the psaAWH adsorbent. Finally, we
consider the future developments and challenges of psaAWH in detail. We think this review can serve as a guide
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for further research in this ever-expanding field.

Keywords: Atmospheric water harvesting, porous adsorbent, kinetic process, superfluidity

INTRODUCTION

Since the beginning of the 21st century, water scarcity has become a serious global resource problem"’.
Humanity persists for millennia without petrochemicals but cannot without water; however, by 2025, 1.9
billion people in the world will experience a severe freshwater crisis”. The world's abundant water resources
maintain a poised ecological balance and considerable biodiversity, but only 2.5 percent of them are
freshwater”!. Furthermore, the most abundant freshwater reserves exist as inaccessible glaciers distributed in
the northern and southern poles®”. The irreconcilable conflicts between limited water resources and
accelerating global economic and population growth foreshadow famines, the spread of diseases, and wars;
the continued existence of humanity may depend on increased freshwater production.

Currently, various technologies exist that can be used to produce fresh water to alleviate water crises, such
as wastewater treatment, seawater desalination, and rainwater collection. Geographic or weather
dependencies restrict freshwater production technologies such as seawater desalination and rainwater
collection™. Wastewater treatment technology based on adsorption or membrane separation is used to
purify polluted liquid water”"". Although it is not restricted by geography and climate, it requires a large
amount of liquid water in the local area, which indirectly restricts its application in areas of water shortage.
Therefore, existing technology cannot fundamentally solve the problem of water shortage in remote water
shortage areas. Atmospheric humidity, one of the three major water sources in the world, is abundant,
ubiquitous, and can be replenished in a timely manner through global atmospheric circulation"’. If
freshwater can be produced directly from atmospheric humidity, it will fundamentally solve the global water
shortage problem. Thus, atmospheric water harvesting (AWH) technology, which harvests freshwater from
air humidity, is considered an effective solution to the water shortage problem"*". The three major AWH
techniques include condensation (i.e., cooling air below its dew point), fog collection, and porous sorbent
assisted AWH (psaAWH)">),

Fog collection must be performed in areas where fog often occurs, which is not suitable for arid areas™. For
condensation, at the beginning of condensation, the associated sensible heat must be removed to condense
the air to the dew point, and then some latent heat is required to complete the transition of water from a
gaseous state to a liquid state. To collect a certain amount of water, the value of latent heat is usually certain
and inevitable, which is related to the characteristics of the material itself. By contrast, the sensible heat
required varies with the environment. Consequently, condensing water vapor into a liquid state at high
temperatures and in dry conditions is very energy-intensive and even impossible to achieve in several
cases!”"". In contrast, psaAWH has climatic flexibility for widespread applications owing to the diverse
water adsorption characteristics of different porous materials, which is considered to be the development
trend of AWH technology"**". The characteristics of several freshwater production technologies are
summarized in Table 1.

The process and mechanism of action of psaAWH are shown in Figure 1A. In general, psaAWH produces
freshwater in three steps"®. First, water in the gas phase of the atmosphere is adsorbed by porous materials
and stored in the channel in the form of a bulk phase to realize the enrichment of atmospheric water.
Second, water is released over time through external stimuli, such as light or heat, to a confined space. With
the continuous release of water from the porous adsorbent, this space increases in humidity relative to the



Zhang et al. Chem Synth 2023;3:10 | https://dx.doi.org/10.20517/cs.2022.40 Page 3 of 35

Table 1. Summary of characteristics of several freshwater production technologies

Technology name Geographic dependencies Weather dependencies Implementation premise
Seawater desalination Yes No Coastal
Rainwater collection No Yes Rainfall
Fog collection No Yes Foggy
Condensation No Yes Difficult to implement at low RH
psaAWH No No Presence of atmospheric humidity
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Figure 1. (A) Water production process of psaAWH; (B) water release mechanism of porous materials in psaAWH.

external atmosphere, which significantly reduces the sensible heat required for the condensation process.
Finally, the moist air can be easily cooled and condensed into liquid water. Therefore, if psaAWH is to be
implemented in a certain climate, the porous adsorbent must possess the ability to adsorb atmospheric
water at the relative humidity (RH) of the climate, which can be verified using the water vapor adsorption
isotherm. As shown in Figure 1B, the abscissa is the relative partial pressure of water vapor (RH), and the
ordinate is the water vapor adsorption capacity of the porous materials. Under ambient RH (P,), the porous
material exhibited higher water uptake (W,). With external stimulation (such as increasing temperature),
the RH around the porous material decreased to P,. At this time, the water uptake decreased to W,, and
excess water molecules were released into a closed space to obtain liquid water through condensation.
Therefore, the difference between W, and W, determines the working ability of a material. P, is the applied
RH of the adsorbent; that is, the RH of the atmosphere must be greater than P,. Owing to the steep water
uptake of the S-type (type-IV, V) vapor adsorption isotherm, it can have a high working capacity under
small external RH changes [Figure 2]. In contrast, other types of water vapor adsorption isotherms often
require greater RH changes to produce a better working capacity because of the lack of steep water uptake at
an appropriate RH, which often implies that higher energy must be provided to heat the adsorbent"”.

Hence, an ideal porous sorbent for psaAWH should feature: (1) an S-type water vapor adsorption isotherm
at the required RH; (2) high water uptake to maximize water production per cycle; (3) rapid
adsorption/desorption kinetics under lower energy consumption to maximize the circulation rate; and (4)
structural resilience to multiple water adsorption/desorption cycles. To date, much effort has been devoted
to the development of porous adsorbents with high psaAWH performances. However, the diversity of
adsorbent types and modification strategies makes it difficult for us to intuitively understand their
structure-activity relationships. The summary of the structure-activity relationship of adsorbents has
considerable guiding significance for future research. At present, some reviews have summarized this and
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Figure 2. IUPAC classification of water vapor adsorption isotherms. Reproduced with permission™®*. Copyright Elsevier.
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put forward prospect I, However, how to improve the transport speed of water molecules in the
adsorbent micropores should be discussed, which is expected to promote the further development of
psaAWH. In addition, other reviews have less attention to the emerging materials such as covalent organic
frameworks (COFs) and crystalline porous organic salts (CPOSs)!**2*.,

Therefore, in this review, we begin with a summary of the materials used in psaAWH and analyze the
advantages and disadvantages of each material. Then, we discuss the effects of the inherent properties of
porous adsorbents, such as pore size and functionality, etc.) on psaAWH performance and provide a general
design idea for the preparation of the required adsorbent. In the adsorption/desorption kinetics of porous
adsorbents, we discuss various design strategies to improve the kinetic process. In particular, we focus on
the kinetics of water molecules in the microporous channel. Finally, we discuss the future development of
psaAWH adsorbents and offer suggestions to solve their current problems. Through an analysis of the
mechanism of water superfluidity, reasonable suggestions are proposed on how to improve the kinetics of
microporous adsorbents.

CATEGORIES OF POROUS ADSORBENTS

The psaAWH can be tuned to specific climatic conditions by tuning the structure of its porous materials.
Therefore, various porous materials can be used for psaAWH. An overview of the categories of porous
materials used in psaAWH™ ! is presented in this section. The development history of the main porous
materials used in psaAWH is shown in Figure 3%7>**"*"), which includes the following categories.

Classic materials

For most classic adsorbent materials (such as silica gel and zeolites), the adsorption of water vapor is due to
their hydrophilicity. When in contact with water molecules, the adsorption site on the inner surface of the
adsorbent channel attracts and adsorbs water molecules entering the channel and fixes them on the inner
surface of the channel [Figure 4]. If there is still space for water molecules in the adsorbent, the subsequent
water molecules will be adsorbed by unsaturated adsorption sites or existing water molecules in the channel,
leading to pore filling. In the desorption process, the desorption sequence of water molecules is generally
the reverse of that of adsorption.

Silica gel, an amorphous porous material composed of SiO, and H,O, exhibits selective water adsorption””..
It has been widely studied as a common water-adsorbing material®. In silica gel, the hydroxyl groups in
silanol groups (Si-OH) are the main sites for the adsorption of water molecules. Water molecules are fixed
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Figure 4. Water adsorption process of mainly classic materials.

on the surface of the silica gel channel by forming hydrogen bonds with the hydroxyl groups. However, the
water uptake of silica gel is generally low, particularly at low RH, which limits its application in
psaAWHP*l,

Zeolites are crystalline porous materials that are typically composed of aluminum oxide, silicon dioxide, and
counterions. They feature crystal channels with high polarity and electrostatic charge that facilitate good
water adsorption**. Because of the existence of framework anions and counterions in molecular sieves,
they usually possess multiple water adsorption sites, including Lewis acid sites (framework anions),
Bronsted acid sites (bridging hydroxyls), counterions, and defect sites. Although these sites endow
molecular sieves with good hydrophilicity, their attraction to water molecules is too strong, leading to
zeolites usually displaying type I water vapor adsorption isotherms, which are unfavorable for psaAWH
because they represent energy-intensive regeneration processes”>*>*. For example, Wynnyk et al. measured
the water adsorption isotherms of zeolite 13X at temperatures ranging from 25 °C to 150 °C*” and found
them to be type I. This implies that even if the regeneration temperature is as high as 150 °C, several water
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molecules cannot be completely released from the molecular sieve. To address this drawback and regulate
the water adsorption process, Krajnc et al. synthesized a microporous LTA-type zeolite (AIPO,-LTA) that
shows an S-type water vapor adsorption isotherm, owing to its accessible pore volume, indicates the
potential applicability of psaAWH [Figure 5]'*”. Although the regeneration temperature of zeolites has been
redused by modification, it is still high compared to the current advanced porous materials.

Clays and organosilicas are two classic porous materials with water adsorption capacity. Clays have a
layered structure composed of silica tetrahedron and alumina octahedron as the basic constituent units, and
the interlayer is connected by counter-cations with a positive charge through non-covalent bond
interactions. Therefore, similar to zeolites, they exhibit good hydrophilicity. However, significant interlayer
swelling is easily caused after water absorption, resulting in a loss of water adsorption capacity after
regeneration®'!. Usually, this problem can be solved by interlayer crosslinking or the formation of interlayer
metal oxide pillared clays"*?. By constructing oxides of different metal cations (Na*, Ca** and Mg*") between
layers, Zhu et al. improved the stability and water adsorption performance of clay at low RH™. Although
clay has good water affinity, its pores are primarily derived from interlayer stacking and therefore have a
low water adsorption capacity, which is not suitable for psaAWH. Organosilicas refer to a class of materials
whose main chain contains silicon atoms and organic groups are directly connected to silicon atoms. Most
organosilicas are hydrophobic materials; however, modification of the polymer chains can improve their
hydrophilic properties and enable them to possess water adsorption capacity”™”. Mietner et al. studied the
effect of different functional group modifications on the water adsorption performance of organosilicas”'.
The results indicate that organosilicas with an S-type water vapor adsorption isotherm can be obtained by
surface modification and structural design, and the inflection point of the water vapor adsorption isotherm
can be regulated by different hydrophilic groups. Currently, organosilicas show potential application value
in psaAWH; however, the preparation of organosilicas with a homogeneous micropore structure is still a
challenge, which makes it unsuitable for application to psaAWH at low RH.

Metal-organic frameworks

Metal-organic frameworks (MOFs) are a structurally diverse class of classical porous materials. They are
composed of metal clusters joined by organic linkers and have relatively controllable and uniform pore
sizes®*). Although previously designed MOFs exhibit poor stability*”, recent MOF designs offer water
stability and synthetic flexibility"***".

Various MOFs with high water stability have been studied for their water-adsorption properties . The
first strategy for building a water-stable MOF is to strengthen the coordination bonds between the metal
clusters and organic linkers. Accordingly, Choi et al. synthesized two types of zinc(II)-pyrazolate MOFs
using a Bronsted base (pyrazole) to replace traditional carboxylic acids as organic linkers'*. Because the
stronger coordination interaction between pyrazole and the metal clusters effectively prevents the
degradation of coordination bonds by water molecules, the two zinc(II)-pyrazolate MOFs exhibit excellent
water stability. Subsequently, zeolitic imidazole frameworks (such as ZIF-8 and ZIF-68) have also
demonstrated exceptional water stability””'. Another effective strategy to improve the water stability of
MOFs is to increase the connectivity of secondary building units (SBUs), thereby increasing the steric
hindrance of the metal contact with water molecules. For this reason, Tian et al. synthesized a hetero-triple-
walled MOF that possesses a high-connectivity SBU and shows excellent water stability””. In addition, high-
connectivity Zr-based MOFs exhibit outstanding water stability". Finally, the use of inert cations is an
effective strategy for preparing water-stable MOFs>"*. For example, the inert Cr,O," clusters in Cr-MIL-101
significantly slow down the degradation of metal clusters by water molecules, allowing them to maintain
crystallinity for months in moist air”.
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Figure 5. Water sorption isotherms for several adsorbents at 30 °C. Reproduced with permission[m. Copyright John Wiley and Sons.

The adsorption of water molecules by MOFs is primarily achieved through three mechanisms. The first
mechanism involves chemical absorption of the open metal sites. After high-temperature activation to
remove the coordination solvent, some MOFs expose unsaturated metal sites, which become adsorption
sites for the water molecules””. For example, after high-temperature activation, Zr in UiO-66 exposes an
unsaturated metal site, which preferentially absorbs water molecules into the pores”. The open metal sites
in CPO-27 (i.e., MOF-74) significantly influence its water adsorption performance. Dietzel et al. directly
observed the adsorption sites of water molecules by refining its diffraction data of CPO-27-Zn, which was
controlled to desorb water molecules at different temperatures [Figure 6]”. The results indicate that the
open metal sites can bind water molecules through strong chemical adsorption, and this portion of the
water molecules can be removed only at high temperatures. In psaAWH, the sharply increased water
adsorption capacity of some MOFs at low relative humidity may be owing to the strong water affinity of the
open adsorption sites"”®.

Cluster adsorption is another adsorption mechanism. The prerequisite for cluster adsorption is the presence
of hydrophilic sites in MOFs that serve as nucleation sites for water molecular clusters. For MOFs, the
hydrophilic sites can be open metal sites or hydrophilic groups on the organic linkers. First, water molecules
nucleate at the hydrophilic sites, and then the subsequent water molecules gather to form water clusters,
leading to steep water uptake. Finally, the water molecules continue to fill the remaining space in the MOFs
to reach adsorption saturation. Wagner et al. systematically studied the cluster adsorption process in ZIF-90
using theoretical calculations'*”. In the initial stage of adsorption, the nucleation of water molecules can
occur only in part of the pores in ZIF-90, followed by rapid cluster growth and filling of water molecules in
the pores, then the adsorption process is repeated in other pores [Figure 7A]. This result indicates that
cluster growth was extremely rapid in the pores. Hanikel et al. also studied the cluster adsorption of water
molecules in MOF-303""). In activated MOF-303, water molecules are adsorbed near the pyrazole and
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Figure 6. Crystal structures of the four sufficiently crystalline patterns showing the successive steps in dehydration (top) and changes in
the local molecular environment (bottom). Reproduced with permission”’”. Copyright John Wiley and Sons.

hydroxyl groups through strong hydrogen-bond interactions. Subsequently, water molecules continue to
grow at these nucleation sites to form water clusters and fill the pores. In fact, the adsorption mechanism of
most MOFs during psaAWH is cluster adsorption, and water far away from the nucleation center is
preferentially removed during desorption [Figure 7B].

Capillary condensation, which often occurs in MOFs with large pore sizes, is the final mechanism of water
vapor adsorption by MOFs. According to previous reports, when the pore size of MOFs exceeds 2 nm,
capillary condensation occurs easily in the pores at room temperature (~25 °C)"". Capillary condensation is
a physical adsorption process that has weaker binding energy than chemisorption at open metal sites and
can be regenerated at lower temperatures. However, note that when capillary condensation occurs, a
hysteresis loop usually exists between the desorption and adsorption curves of MOFs, which is unfavorable
in psaAWH because it will lead to a wider operating RH. For example, MIL-101 (Cr) has two pores with
diameters of 2.9 and 3.4 nm, respectively, which results in an obvious hysteresis loop in its water vapor
desorption curve [Figure 7C]™!. Another mesoporous MOF (NU-1000) also exhibited this behavior'.

With the emergence of increasingly water-stable MOFs, Furukawa et al. first proposed utilizing MOFs as
adsorbent materials for AWH in 2014". In 2017, freshwater was successfully obtained from the atmosphere
using MOF (MOEF-801) as an adsorbent material®. Since this breakthrough, various MOFs have been
successfully used as adsorbents for psaAWH"™**. Subsequently, practical psaAWH using an MOF adsorbent
was performed in a desert and freshwater (0.175 kg over 24 h) was successfully harvested without providing
any external energy”. However, although it is gratifying to successfully obtain fresh water in arid zones
using MOF, such production is insufficient for sustaining human life. Incorporating hygroscopic salts (such
as LiCl and CaCl,) into porous MOFs is an effective method for increasing water production™*. For
example, Xu et al. prepared a LiCl@MIL-101(Cr) composite material that displays a multi-step water
sorption process, leading to excellent water production (0.7 L kg, ywen ' d ) at relatively low humidity when
combined with a light-absorbing material (carbon black; Figure 8 A)™.
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American Chemical Society; (B) the water vapor adsorption/desorption process of MOFs in psaAWH. (C) Water vapor adsorption
isotherm of MIL-10 and SALI-modified NU-1000"" under 25 °C. Reproduced with permission[SOJ.Copyright Elsevier. Reproduced
with permission®". Copyright Royal Society of Chemistry.

To increase the cycling rate and achieve high water production, one strategy is to accelerate desorption by
heating” . For example, Wu ef al. prepared a composite cylindrical material (TUN/SA) featuring the
photothermal material T1,C, alongside UiO-66-NH,. Under natural sunlight irradiation, the temperature of
this material will rise rapidly, thus accelerating the release of water molecules, and a high water production
can be obtained (57.8 mL kgyo; ' h™)"*. Although the water production of MOF-based psaAWH can be
increased by heating the adsorbent, most MOFs require heating above 80 °C to release the adsorbed
water®”, limiting energy efficiency and yield. Therefore, reducing the regeneration temperature of MOFs
is an urgent issue. Karmakar et al. prepared an MOF/polymer composite material with a lower critical
solution temperature (LCST; c.a. 40 °C)"*. When the temperature was below the LCST, the polymer in the
composite material exhibited hydrophilicity, then it changed to hydrophobicity when the temperature rose
above the LCST [Figure 8B]; accordingly, the composite material can be regenerated under mild conditions
(40 °C, 40% RH) and showed notable water production (1.4 L kg,qome ' day™). Clearly, MOFs have made
encouraging progress in the application of psaAWH, but its modest water production and uncertain toxicity
hinder large-scale applications.
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Covalent organic frameworks

Covalent organic frameworks (COFs) are crystalline porous materials composed of organic ligands
connected by covalent bonds®**?. Hundreds of COFs have been widely used in a variety of fields, as
reported previously®**. The water adsorption performance of COFs has also been evaluated” . As a
crystalline porous material, the water adsorption/desorption process of COFs in psaAWH is similar to that
of MOFs [Figure 7B]. However, they do not have open metal sites, which usually cannot form strong
chemisorption. Therefore, the cluster adsorption process forms the main mechanism of COFs. In COFs, the
nucleation sites of water clusters generally include Schiff bases or other hydrophilic groups on the
monomers. Ma et al. studied the adsorption of water molecules in TpPa-1 through solid-state NMR,
indicating that water molecules interact with hydrophilic groups in the framework of COF pores"”. Tan et
al. further studied the formation of water clusters in COFs""™. In the initial stage of adsorption, the N chain
in the COFs pores serves as the nucleation site for water cluster growth, and water molecules gradually fill
the entire pore from this point [Figure 9]. Similarly, when the pore size of the COF is too large, capillary
condensation of water molecules will also occur, resulting in an obvious hysteresis loop between the water

[108]

vapor desorption and adsorption curves

Given the recent successful applications of MOFs in psaAWH, analogous applications of COFs have drawn
considerable interest, as indicated by a number of recent publications””'*""".. For example, in 2020, Nguyen
et al. successfully synthesized a 2D COF (COF-432) that presented an S-type water vapor adsorption
isotherm featuring a steep step in the range of 30%-40% RH [Figure 10]"”. Owing to the square grid of mtf
topology, water molecules can fill the pores of COF-432 at 40% RH, reaching a water uptake of
approximately 0.25 g .o Sagsorvent - MoOreover, COF-432 possesses ultrahigh water stability and can be
regenerated at a low temperature (35 °C). At 30 °C and 40% RH, COF-432 offered an expected water
production per cycle of 0.23 g, ... usorvent - HHOWever, because COFs are developing porous materials, they
are underutilized in psaAWH. In addition, the high cost and harsh synthetic conditions restrict its
commercial application.

Hygroscopic polymers

Hygroscopic polymers are also common porous materials that exhibit high water adsorption capacities
because of their abundant surface and bulk hydrophilic groups"". Hygroscopic polymers, particularly
hydrogels, primarily rely on layer adsorption and capillary condensation to achieve the adsorption of water
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Figure 10. Water vapor adsorption isotherm of COF-432 at different temperatures. Reproduced with permission™”’. Copyright
American Chemical Society.

molecules because their pores are mostly mesoporous and macroporous'”. First, they used hydrophilic
sites on the pore surface to capture water vapor and form a molecular water layer. At this instant, the
adsorbed water molecules can be used as active sites to induce the subsequent multilayer adsorption of
water molecules. Finally, capillary condensation occurs in various nanoscale pores to adsorb water vapor.
During the nucleation stage of layer adsorption, hydrophilic groups (such as hydroxyl and carboxylic acid)
in the pores of hygroscopic polymers can be used as nucleation sites"'”. Nandakumar et al. synthesized a
ZnO hydrogel for psaAWH and simulated the binding energy of water molecules in the pore using
theoretical calculations"'*. The DFT results indicate that a high binding energy exists between water
molecules and materials at the initial stage of water adsorption, which corresponds to the strong interaction
(chemical absorption/hydroxylation) between water molecules and hydrophilic sites during nucleation.
With the continuous adsorption of water molecules, the binding energy decreases sharply, which
corresponds to the physical adsorption process of multilayer adsorption and the capillary condensation
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stage. When hygroscopic salt is incorporated into the hydrogel, the mechanism primarily involves water
vapor adsorption driven by the deliquescence of salt. In this case, water is captured by the formation of
crystalline water, salt dissolution, and solution adsorption, and the polymer pores generally serve as storage
space for water molecules""”. The water adsorption process of the hygroscopic polymer is summarized in
Figure 11, and desorption is the reverse process.

Considering their high water adsorption capacity, although hygroscopic polymers do not display S-type
water vapor adsorption isotherms, they have been used in psaAWH in recent years, and promising results
have been obtained"”'”". Nandakumar et al. synthesized a solar-driven ZnO hydrogel for water-vapor
harvesting under high relative humidity (90% RH)"'*\. Separately, Ni et al. achieved high water production
(c.a. 4.57 kg m* day") under 90% RH and sunlight exposure by introducing photothermal segments into an
integrated hygroscopic photothermal organogel (POG) [Figure 12A]"*?. Moreover, incorporating segments
with LCST in hygroscopic polymers can accelerate the release of water molecules and improve water
production””"*"*"l, For example, Zhao et al. demonstrated the release of liquid water from a hydrogel
through a photoresponse effect [Figure12B]"'?. When the ambient temperature is lower than LCST, the
hydrogel shows hydrophilicity and can adsorb a large number of water molecules in the framework. As the
temperature rises above LCST, the poly(N-isopropylacrylamide) (poly-NIPAM) segment in the hydrogel
becomes hydrophobic, resulting in the rapid release of water molecules from the hydrogel in liquid form. To
further improve the water adsorption capacity, hygroscopic salts are commonly introduced into
polymers">**”. For example, Lei et al. synthesized a LiCl-doped zwitterionic hygroscopic polymer"'*. The
water uptake of the polymer was enhanced and finally showed excellent water production (5.87 L kg day™).

Owing to their macroporous inner structure and rich active groups inside hygroscopic polymers, they can
adsorb and filter pollutants in the atmosphere during psaAWH application"*. Yao et al. synthesized a
porous sodium polyacrylate/graphene framework (PGF) that can capture atmospheric water contaminated
by harmful substances and release clean water””. The abundant active groups of the hydroscopic polymers
make them tunable. After the incorporation of LiCl and MOF-101, owing to the synergistic effects of space
pressure from the rigid polymer chain and strong water affinity, active and continuous water production is
finally realized”. Although hygroscopic polymers have been widely used in psaAWH, most function
optimally at higher RH because of the lack of S-type water adsorption isotherms and display volume
swelling after water absorption. Although some hydrogels offer higher water uptake at low RH by doping
with hygroscopic salts, such as CaCl, and LiCl, etc, the salts may remain in the collected water, making it
unfit for consumption.

Crystalline porous organic salts

CPOSs are emerging crystalline porous materials composed of organic acids and organic bases formed
through hydrogen bond-assisted ion bond interactions"*. Compared to hydrogen-bonded organic
frameworks (HOFs), CPOSs frameworks possess both hydrogen and ionic bonds. These bonds support
channels with both high polarity and regularly distribute positive and negative charges from organic acids
and bases"**"”'\. These charged and highly polar channels impart CPOSs with excellent properties compared
with other porous materials"*****. Owing to the strong ionic bond interactions in the framework, most
CPOSs exhibit good water stability. For example, CPOS-2 shows high proton conductivity and crystallinity
under high relative humidity (98% RH) and temperature (60 °C)"**. Because the pore size of CPOSs is
generally small, capillary condensation does not occur during the adsorption of water vapor; therefore, the
adsorption mechanism of CPOSs is mainly cluster adsorption. The adsorption/desorption process of the
CPOSs in psaAWH can be described in Figure 7B, and the detailed process is discussed below.
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Figure 11. The adsorption process of water by hygroscopic polymers.
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Figure 12. (A) Structure of a photothermal organogel (POG) and its synthesis process diagram. Reproduced with permission"'?”.

Copyright John Wiley and Sons; (B) schematic illustration of express mode and normal mode for water release powered by solar
energy. Reproduced with permission"®. Copyright John Wiley and Sons.

Zhang et al. synthesized CPOS (CPOS-6) containing strong organic acids (tetrakis(4-sulfophenyl) methane,
TSPM) and bases (tetrakis(4-amidinophenyl) methane, TAmPM)™. The unique double-layer water
adsorption process of CPOS-6 afforded rapid water adsorption and release kinetics, leading to a high
expected water production (2.16 g g” day™). In this double-layer adsorption process, the first layer of water
molecules adsorbed by the strong polar groups acts as a binding site for the second layer of adsorption,
which improves the second layer adsorption rate [Figure 13]. Furthermore, weak hydrogen bonds in the
second layer of adsorbed water molecules were readily desorbed during desorption. Although the
applications of CPOSs in psaAWH remain nascent, their unique advantages of highly polar pores make
them promising for psaAWH. Moreover, CPOSs can be readily synthesized at ambient temperature and
pressure, thereby simplifying industrial production. However, the water uptake should be improved.

Porous carbon

Porous carbon has been used in various fields because of its ultrahigh thermal and chemical stability and
high functionalizable porosity"*”. Accordingly, their water adsorption performance has been widely
studied"'*!. Depending on the pore structure, activated carbon, an archetypical classic porous carbon
material, can adsorb water via capillary action"*. The water vapor adsorption of porous carbon primarily
involves the following processes'*: nucleation, water cluster growth, and pore filling [Figure 14]. In porous
carbon, the nucleation sites can be ultramicroporous, defective, or hydrophilic groups. This process can
cause the water vapor adsorption isotherm to exhibit a steep water uptake under varying low RH. If the
affinity of the hydrophilic sites is weak, the inflection point of steep water uptake will move appropriately to
a high RH. After nucleation, it is followed by the growth and coalescence of water clusters, in which pore
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Figure 13. Schematic of water adsorption on CPOS-6 featuring a double hydrogen bond system under different humidity conditions.
Reproduced with permission'”. Copyright John Wiley and Sons.

StageI Stage IT Stage ITI
""" 1 £3°°°1
Q >
- @ Coanex7 éig): ==
interface Y
o %‘% ?@‘ Concave 7).

. KB & W WP

o 00 00 — -- — --

H,0 Strong site Paired sites Ultramicropore Micropore Small pore  Large pore

Figure 14. Schematic description of water adsorption in porous carbon, stage I-1V: cluster formation, cluster growth and coalescence,
micropore filling and mesopore filling. Reproduced with permission”**’. Copyright Elsevier.

filling can occur rapidly if the distance between the hydrophilic sites is small, and the second steep water
uptake appears in the water vapor adsorption isotherm. In contrast, if the distance between the hydrophilic
sites is large, pore filling will not occur immediately, and the second steep water uptake can only occur by
increasing the RH. The last step is the pore-filling stage, in which microporous filling occurs before RH <
60%, followed by mesoporous filling.

To date, porous carbon materials have been successfully used as adsorbents for psaAWH"*'*). For example,
Byun et al. synthesized epoxy-functionalized porous carbon featuring a maximum water uptake (39.2-42.4
wt%) at reasonable temperatures (5-45 °C), which can be regenerated at a relatively mild temperature
(55 °C)". Recently, Song et al. synthesized porous carbon with rapid water adsorption/desorption
kinetics owing to the existence of fast water transmission channels in the material [Figure 15]"*". Finally,
the porous carbon obtained a water production of 0.18Lkg_..," h™ under 30% RH. Thus far, porous
carbon has remained a competitive adsorbent material for psaAWH because of its stability and other
advantages. However, the water uptake of porous carbon applied to psaAWH is still low, and the problem
of improving its water adsorption needs to be resolved.
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Figure 15. Water adsorption/desorption tests at 25 °C and 20%-50% RH for Steam-80. At 200 min, the sample is exposed to one-sun
irradiation to release the water. Reproduced with permission"™". Copyright Springer Nature.

In this section, we introduce the adsorbents applied to psaAWH and their respective adsorption and
desorption mechanisms, as well as some examples of their applications. Based on the advantages and
disadvantages of each material mentioned in each section, we think that MOFs and hydrogels may be the
closest materials to commercialization at present, owing to their designability, high water adsorption
capacity, and good stability. However, the two materials still have their own limitations, such as the
uncertain toxicity of MOFs and the low water uptake of hydrogels at low RH. To visually compare the
psaAWH performance of the different materials, the psaAWH-related properties of some typical adsorbents
are summarized in Table 2.

INFLUENCE OF INHERENT PROPERTIES OF ADSORBENT ON WATER HARVESTING
Effect of functional group

The functional groups in the adsorbent pores have a significant impact on psaAWH performance
First, as described in greater detail in the next section, the introduction of functional groups into the
adsorbent channels can tune hydrophilicity, thereby affecting the adsorption/desorption kinetics. Herein,
we primarily focus on the effect of introducing functional groups on the water vapor adsorption isotherms
of porous adsorbents. In 2014, Furukawa et al. compared a series of water vapor adsorption isotherms of Zr-
containing MOFs and found that the introduction of hydrophilic groups into the pores altered the
adsorption isotherms, affecting the psaAWH performance!"”. Recently, they synthesized a new MOF (MOF-
333) with a strong hydrophilic linker (1-H-pyrazole-3,5-dicarboxylate, H,PZDC) of MOF-303 replaced by a
weaker hydrophilic linker (2,4-furandicarboxylate, H,FDC). Subsequently, the authors obtained a series of
isoreticular MOFs by modulating the ratio of these two linkers in the MOF framework and studied their
water adsorption vapor isotherms [Figure 16A]". With increasing weakly hydrophilic H,FDC content, the
inflection pressure of the S-type water vapor adsorption isotherm gradually increased, which means a higher
applicated RH. In addition, the regeneration temperature of the adsorbent was reduced by 10 °C at the same
RH due to the change of inflection pressure of water vapor adsorption isotherm, which reduced the energy
consumption of psaAWH.

[78,149,150]
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Table 2. psaAWH related properties of some typical adsorbents

Adsorption process

Desorption process

Type Materials Water uptake (RH), Desorption temperature, water release, Ref.
adsorption time desorption time
Classic adsorbents  Silica 04gg" (75%), - 100°C,~04¢g g'w, - [40]
SAPO-34 03g g'1 (40%), 80 min 120°C,03¢g gq, 10 min [91]
Zeolite 13X 03g g’1 (40%), 60 min 120°C,02¢g g, 20 min [o1]
MOFs MOF-801 02g g’1 (30%), 200 min 85°C,0.2¢g g'1, 30 min [34]
MOF-303 04¢g g'1 (40%), 80 min 85°C,04¢g g'], 40 min [91]
Al-fumarate 0.4gg" (40%), 150 min 65°C,0.4gg", 20 min [91]
MOF-303/333 04g g'1 (40%), - 85°C,04¢g gq, one adsorption/desorption cycle  [79]
75 min
Cu-AD-SA MOF 0.15g¢g" (20%), 160 min 85°C,015g¢", - [92]
MIL-101 (Cn@LiCl 0.77 g g" (30%), 240 min 83°C,0.6gg", 90 min [83]
COFs COF-432 0.23¢g gr1 (40%), - 35°C,0.23¢g gr], - [27]
COF-480-hydrazide 035¢g g'1 (40%), - 85°C,033¢g g'1, - [110]
Hygroscopic PNIPAAM/Alg IPN gel 0.89¢g g'1 (90%), - 50°C,0.7¢g gq, - [37]1
polymers
Super moisture-absorbent gel 2 g g” (75%), 50 min Sunlight, 2 g g, 10 min [M6]
(SMAG)
ZnO hydrogel 0.6 gg" (90%), 45 min Sunlight, 0.6 g g, 15 min [114]
POG 6 kg m” (90%),12 h Sunlight, 5.5 kg m™, 700 min [122]
SHPFs -0.6gg" (30%), 30 min 60°C,-0.6g g, 30 min [152]
CPOSs CPOS-6 0.23g g’1 (70%), 52 min 40°C,012¢g gq, 30 min [29]
Porous carbon Steam-80 0.21gg" (26%), 45 min Sunlight, 0.16 g g, 15 min [151]

COFs: Covalent organic frameworks; CPOSs: crystalline porous organic salts; MOFs: metal-organic frameworks; POG: photothermal organogel;
RH: relative humidity; SHPFs: super hygroscopic polymer films.
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Figure 16. (A) Water sorption analyses on the multivariate MOF series at 298 K. Reproduced with permission[79].Copyright The
American Association for the Advancement of Science; (B) structures and water vapor adsorption isotherms at 298 K of HFPTP-PDA-
COF (red), HFPTP-DMePDA-COF (blue) and HFPTP-BPDA-COF (black). Reproduced with permission[m].Copyright Springer Nature.

Although the adsorbent applicated RH and regeneration temperature can be reduced by increasing the
hydrophobicity of the channel, excessive hydrophobicity may be detrimental to its psaAWH performance.
As shown in Figure 16B, the introduction of a hydrophobic methyl group not only results in the loss of the
S-type water adsorption isotherm but also leads to a reduction in the water adsorption capacity"*. In
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addition, the functionality of the metal sites may also influence the adsorbent properties*”. Rieth et al.
modulated the inflection pressure of water vapor adsorption isotherm of MOFs through cation exchange
and obtained a series of MOFs with different psaAWH performances””. For some macroporous adsorbents,
such as hydrogels, the introduction of hydrophilic groups can enhance their water adsorption capacity at
low relative humidity"**'**"**. Zhao et al. synthesized a hydrogel crosslinked with a hygroscopic polymer
that demonstrated enhanced water uptake (0.7 g g") under 30% RH"". In addition, the combination of
hygroscopic salts and the introduction of functional polymers can impart functionality and modulate the
adsorbent psaAWH performance.

Generally, for the functional groups in the pore, the main influence is the applied RH range of psaAWH
[Figure 17]. According to the climatic conditions of the area where psaAWH is to be implemented, the
hydrophilicity of the adsorbent pores can be regulated to meet the requirements. In arid areas, the
hydrophilicity of the pores can be increased. In contrast, in areas with high RH, we can reduce the
hydrophilicity of the pores so that the inflection point (P,) is exactly the atmospheric RH [Figure 1B].
Therefore, the inflection point (P,) can be reached with minimal energy consumption, which significantly
reduces energy consumption [Figure 16A]. In addition, we should pay attention to the change in water
uptake caused by the functional groups in the pore [Figure 16B]. When modifying a pore with a functional
group, significantly reducing the hydrophilicity of the channel should be avoided, which will lead to a
significant decrease in water uptake.

Effect of pore size

The adsorbent pore size has a considerable influence on the adsorbent psaAWH performance. First, it
shows obvious effects on the water molecule transport kinetics. Intuitively, a larger pore size would improve
the mobility of water molecules within the material; this hypothesis is considered in detail in the next
section. However, a larger pore size does not necessarily result in a better adsorbent. For some crystalline
materials such as MOFs, large pore sizes tend to result in poor water and structural stability, as rationalized
by the theory of reticular chemistry, rendering them unsuitable for psaAWH"*!. In addition, for some
macroporous adsorbents that rely on adsorption sites for water uptake, the number of active sites per unit
volume is lower for larger pore sizes. Accordingly, they exhibited slower water adsorption rates than the
corresponding microporous materials. This phenomenon has also been observed in some macroporous

hydrogels®.

The adsorbent pore size may also influence the applicable RH range for the psaAWH by shaping the water
vapor adsorption isotherm. For example, Abtab et al. synthesized a large-pore MOF (pore diameter = 1.7
nm), and the inflection point of its S-type water vapor adsorption isotherm was 60% RH [Figure 18A],
which is higher than that of some small-pore MOFs (MOF-801, UiO-6s6, etc.)™. Therefore, it can only be
used in an environment with humidity above 60%. Other materials with large pores, such as MIL-101",
PIZOF-2"", MOF-806", and COF-670-hydrazine"'”, also demonstrate this behavior. Although the effects
of pore size on the water adsorption curves of these 3D materials are apparent, the complexity of the
interconnected channels of 3D porous materials complicates the mechanistic evaluation. In contrast, for 2D
porous materials, the effect of the pore size on the water vapor adsorption isotherm is clear.

Gilmanova et al. synthesized two types of isoreticular 2D COFs (DUT-175 and DUT-176) and studied the
effect of the pore size on water adsorption"*”. Figure 18B shows that both COFs possess one-dimensional
channels with different pore sizes (16.4 25.7 and 21.9 31.8 A, respectively). The larger pore size of DUT-176
resulted in a water vapor adsorption isotherm with a higher pressure inflection point (60% RH) relative to
DUT-175. Similarly, two 2D COFs synthesized by Nguyen et al. also demonstrated this phenomenon!*.
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Figure 17. Influence of hydrophilicity of adsorbent pore on its applicated RH.

Tan et al. studied the water cluster and adsorption processes of isoreticular 2D COFs [Figure 16B] and
explained why larger pore sizes delayed steep water uptake"™. Compared to small pores, larger pore sizes
increase the hydrophobicity of the pores, thus reducing the channel confinement effect on water molecules.
Therefore, a higher water vapor pressure (i.e., high relative humidity) is required for steep water uptake.
Although the water adsorption isotherm can be modulated by changing the pore size, the effect of pore size
becomes less clear at sufficiently small pore sizes (c.a. < 1.5 nm). In addition, when the pore size increases to
tens or hundreds of nanometers, the S-shaped adsorption isotherm may gradually transform into a type-III
adsorption isotherm, which is not suitable for psaAWH. This type of water vapor isotherm is usually
observed for most macroporous polymers.

Finally, changes in the adsorbent pore size may improve the water uptake and, therefore, the psaAWH
performance. In fact, pore size affects water uptake by changing the pore volume of the adsorbent.
Sometimes, increased pore size increases the pore volume and adsorption capacity of water molecules.
Isoreticular framework expansion is an effective method for improving pore size!> and has led to
improved water uptake in HFPTP-PDA-COF and HFPTP-BPDA-COF [Figure 16B]. However, the increase
in pore size may increase the channel hydrophobicity in some instances, thereby decreasing the water
uptake”*”. In addition, the adsorbent water uptake may also be increased by building a hollow shell and
hierarchical structure to provide large pores *!. For example, Hu et al. prepared hollow MIL-101(Cr), which
showed an enhanced water storage capacity and uptake owing to the high water storage capacity of the
hollow part [Figure 19A]"*. Finally, some adsorbents may swell due to water adsorption, resulting in a
gradual increase in pore size and eventually reaching a very high water uptake. This phenomenon was
observed in most of the hydrogels [Figure 19B]"*".



Zhang et al. Chem Synth 2023;3:10 | https://dx.doi.org/10.20517/cs.2022.40 Page 19 of 35

200

150

100+

Water Uptake (% weight)
*d
o

oxo-centered trinuclear
chromium(1ll) cluster

0 20 40 60 80 100

s‘c::o“c;no:;g Relative Humidity (%)

DUT-176

Figure 18. (A) Crystal structure and water vapor adsorption isotherm at 298 K of Cr-soc-MOF-1. Reproduced with permission™®.

Copyright Elsevier; (B) structure and water vapor adsorption isotherm at 298 K of DUT-175 and DUT-176. Reproduced with
permission[m].Copyright American Chemical Society.

In summary, by adjusting the pore size of the adsorbent, the psaAWH performance of the adsorbent can be
controlled. In addition to grafting functional groups into the pores, we can also regulate the applied RH of
the adsorbent by changing the pore size. In fact, the essence of the effect of pore size on the applied RH of
the adsorbent is to change the hydrophilicity of the pores. In addition, to obtain high water uptake, a large
pore size is beneficial, but as discussed, the applied RH of the adsorbent must be considered for practical
applications. Therefore, increasing the pore size while satisfying the applied RH is the correct strategy to
improve the psaAWH performance of the adsorbent. Besides, when increasing the pore size, we should also
consider the hydrophobicity of the pore. If the hydrophobicity is too strong, it may lead to the reduction of
water uptake.

Surface area and crosslinking density

As an important property of porous materials, the surface area represents the total area of the internal and
external surfaces on which porous materials can be used. In general, most active sites of porous materials
are located on their surfaces; therefore, a large surface area can provide more active sites. Thus, the surface
area has a significant influence on various properties of porous materials. The specific surface area (i.e., the
total surface area per unit mass of the material) is generally used in porous materials. First, the specific
surface area may affect the water uptake of the adsorbent. For example, for some crystalline porous
materials (such as MOFs and COFs), a larger specific surface area is often accompanied by higher water
uptake [Figure 16B, 18A]"**. This is because in crystalline porous materials (MOFs and COFs), in addition
to avoiding multiple interpenetrations and using new topology, the specific surface area is often improved
by increasing the pore size, particularly for microporous materials. However, for mesoporous and
macroporous materials, no correlation generally exists between the specific surface area and water
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uptake!”*?. The water uptake of the adsorbent was primarily determined by its pore volume. Thus,
hydrogels have a small surface area but a large water uptake. Second, the specific surface area can affect the
adsorption rate of water molecules. A large specific surface area often implies more accessible active
surfaces, which can accelerate the nucleation and cluster/layer growth rate in the process of water molecule
adsorption’. Nandakumar et al. prepared a zinc oxide hydrogel with large-area porous wrinkles, which
showed a high water adsorption capacity'’. By regulating the surface roughness and wrinkle degree, they
obtained hydrogels with different specific surface areas and studied their water vapor adsorption rates
[Figure 20A]. When the specific surface area is 350 m* g, the water uptake of the hydrogel can reach 3.6 g
g within 12 h, indicating a steep water vapor adsorption curve. With a decrease in the specific surface area,
the water uptake of the hydrogel in 12 h gradually decreased, and the water vapor adsorption curve also
gradually flattened, showing a slow adsorption rate.

The crosslinking density refers to the degree of crosslinking of the polymer chain, which has an important
impact on the performance of the polymer. This affects the mechanical strength of the polymer.
Appropriately increasing the crosslinking density can improve the structural stability of the material and
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contribute to enhancing the water adsorption/desorption cycle performance"””. The crosslinking density
also affected the swelling process of the hydrogels. Generally, a high crosslinking density tends to lead to a
low swelling rate, which reduces the water adsorption capacity"**"*. In addition, the adsorption of water
molecules can be effectively controlled by regulating the crosslinking density of the polymer and other
factors to improve the psaAWH performance of the adsorbent"”. For example, Zhao et al. prepared a
hydrogel (SMAG) with excellent moisture adsorption performance, which uses hygroscopic chloride-doped
polypyrrole (PPy-Cl) clusters as a cross-linking point, and poly-NIPAM chains were inserted into the
. Therefore, the water adsorption

[116

clusters to form an interpenetrating polymer network [Figure 20B]
performance of this hydrogel (SMAG) could be optimized by adjusting the crosslinking density.

Both the specific surface area and crosslinking density regulate adsorbent performance by affecting the
interaction between the adsorbent and water molecules. The psaAWH performance of the adsorbent can be
improved by properly designing these two properties. However, note that in some cases, the specific surface
area and crosslinking density may have a negative impact on the water uptake of the adsorbent; therefore, it
is necessary to modify the adsorbent reasonably to obtain the best performance.

KINETICS PROCESS OF ADSORBENT

The water production of psaAWH is primarily determined by two factors. First, the high water uptake of
the adsorbent implies that it can produce more water per adsorption/desorption cycle. Second, the fast
cycling rates of the adsorbent (i.e. adsorption/desorption kinetics) can effectively increase the number of
cycles of the adsorbent per unit time to obtain higher water production. The previous section discussed
methods for improving the water uptake of adsorbents. This section discusses methods to improve the
adsorption/desorption kinetics of the adsorbent.

To date, various effective methods for improving the adsorption/desorption kinetics of adsorbents have
been developed. First, based on the adsorption mechanism of the adsorbent, the adsorption/desorption
kinetics can be accelerated by proper modification of the adsorbent. Also, Taheri et al. proved that the active
sites of biochar from pomegranate are the reason for its rapid adsorption kinetics at the initial stage of
adsorption process'*”. As mentioned above, although the water vapor adsorption mechanism of various
adsorbents is different, it can be generally classified into the following processes: nucleation, cluster/layer
adsorption and pore filling. In this process, nucleation is a strong interaction between water molecules and
hydrophilic sites in the pore, pore filling is a weak physical interaction, and cluster/layer adsorption is an
intermediate state. Therefore, the kinetic process of nucleation and cluster/layer adsorption can be
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effectively affected by regulating the hydrophilicity of the adsorbent. Wang et al. demonstrated AWH by
grafting hydrophilic [FeCl,]-doped poly(3,4-ethylenedioxythiophene) (PEDOT) microtubules onto the
surface of a red brick"**. These microtubules accelerate the nucleation and layer adsorption of water
molecules on the surface of red bricks at ambient humidity and transport water molecules to the adsorbent
interior through the porous network of red brick, thus accelerating the water harvesting rate [Figure 21].
Although hydrophilic modification can accelerate the adsorption kinetics, it increases the regeneration
temperature of the adsorbent; therefore, it should be used reasonably according to the actual situation.

The transport speed of molecules improves with temperature increasement. As reported by Messaoudi et al
., with the increase in temperature, the mobility of TZ molecule accelerates, which promotes the rapid
absorption of TZ by adsorbent*". Therefore, increasing the desorption temperature of adsorbent can
effectively speed up the desorption kinetics [Figure 22A]. Hanikel et al. used a solar power generation
system to heat a MOF adsorbent, accelerating the water release rate, realizing multiple
adsorption/desorption cycles in one day, and obtaining high water production (1.3 L kg" day™)*". However,
direct heating relying on external factors not only consumes a significant amount of energy but also evades
adsorbent material advancements. Various advances in adsorbent kinetics based on material design have
been reported. The incorporation of photothermal materials into adsorbents to accelerate the release of
water through sunlight irradiation has been reported. Wu et al. prepared a T,C, (a photothermal material)-
incorporated MOF adsorbent (TUN/SA), which can increase to 100 °C in 6 min under the irradiation of 103
mW cm? light, realizing the rapid release of water molecules. Compared to direct heating, the incorporation
of photothermal materials can rapidly heat the adsorbent from the inside, resulting in rapid desorption
kinetics [Figure 22B]"*?. However, the introduction of photothermal materials leads to a reduction in the
adsorbent percentage per unit mass, and may block the pores of the adsorbent, thereby sacrificing a portion
of the water adsorption capacity. In order to avoid this problem, we can reduce the amount of photothermal
materials and make them disperse as evenly as possible, so that the adsorption performance of the adsorbent
is less affected"*”..

According to previous reports"*”, there are three main processes for the adsorption of guest molecules by
adsorbent: external diffusion; intra-particle distribution; adsorption on the active sites. For vapor adsorption
of adsorbent, the intercrystalline diffusion also needs to be considered. External diffusion is mainly affected
by the engineering of psaAWH devices, including the design of adsorbent bed and heating module. A more
detailed overview of the engineering of psaAWH devices, including heat conduction and mass conduction,
etc. can be found in Wang’s article"””. For adsorbent, the intra/inter-crystalline diffusion and adsorption on
the active sites are the main factors affecting its kinetic process. The effect of active sites has been discussed
above. The intracrystalline diffusion can be expressed by Fick’s law!*":

ac 1 0 ac
=2 (Do) 1
ot rczar( wc o ()

where C is the vapor concentration, ¢ is the time, r, is the spherical radius of the adsorbent, and D, is the
intracrystalline diffusivity of the vapor. However, the diffusivity in Eq. 1 varies with the temperature and
vapor uptake; therefore, the characteristic intracrystalline diffusivity crystals are used to represent the
average diffusivity within a certain range of temperature and vapor uptake. The following equation can be
used to describe the average diffusion coefficient of vapor adsorption kinetics"*>'**

ac
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Figure 21. Water vapor transport from air to brick through PEDOT microtubes. Reproduced with permission™®*. Copyright American
Chemical Society.
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its photothermal conversion performance. Reproduced with permission'®. Copyright American Chemical Society.

where C, is the instantaneous vapor concentration in the adsorbent at time ; C,, is the equilibrium vapor
concentration in the adsorbent. As shown in Eq. 2, the smaller the size of the adsorbent, the faster the
diffusion rate in the crystal. However, an extremely small adsorbent will hinder the intercrystalline diffusion

of water vapor. Intercrystalline diffusion (D) can be described by the following equation"*":

Dy =&/ L)_l ()
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where D,,, is the diffusivity of vapor molecules in air, Dy is the Knudsen diffusivity, and ¢ is the porosity of
the adsorbent packing layer, which is related to the size and geometry of the adsorbent. In general, a smaller
size of the adsorbent implies a smaller value of e. Besides, the adsorbent geometry can also affect the value of
&, but the relationship is complex. Therefore, psaAWH performance can be optimized by adjusting the size
and geometry of the adsorbent.

As discussed, adsorbent size and geometry can affect its kinetic process by affecting the intra/inter-
crystalline vapor diffusion"*. A rapid kinetic rate was obtained using a reasonably designed adsorbent
geometry. For example, Yilmaz et al. prepared a polymer-Au@MOF mixed-matrix material (PCA-MOF)
featuring a cone array structure, which enabled the released water to rapidly accumulate at the cone tip and
form droplets, thus accelerating intracrystalline diffusion™. It also enables rapid water separation from the
adsorbent surface to accelerate the release of internal water [Figure 23A]. In addition, adsorbent films offer
an increased contact area with the atmosphere and heater, resulting in a rapid kinetic process"*>'*".
Guo et al. prepared super hygroscopic polymer films (SHPFs), which can undergo a transition from
hydrophilic to hydrophobic after being heated. During the psaAWH process, SHPFs can be attached to a
metal heating plate. Therefore, the rich porous structure and large heating area of the SHPFs enable rapid

152]

thermoresponsive hydrophobic transformations, leading to a rapid water release rate [Figure 23B]"*.

In general, intracrystalline diffusivity is slower in adsorbents. The introduction of large pores in the
adsorbent can be considered as a strategy to shorten the intracrystalline diffusion path, thus accelerating the
kinetic process'*”. One approach is to build a shell structure in adsorbent that allows water molecules to
freely diffuse inside, leading to rapid kinetics. Compared with MIL-101(Cr) powder, the hollow MIL-
101(Cr) spheres showed faster adsorption kinetics because water molecules could reach the adsorption sites
faster in the large cavity [Figure 19A]"*. Rapid water transport through a hierarchical pore structure is
another strategy for shortening the intracrystalline diffusion path"**'**'. Wang et al. prepared a
nanostructured biopolymer hygroscopic aerogel (NBHA) that exhibited rapid water transport
[Figure 24A]"”. Under natural light irradiation, the water adsorbed in the aerogel can be quickly
transported to the surface through the hierarchical pore structure, resulting in rapid regeneration. Xu et al.
prepared an adsorbent with a vertically arranged channel [Figure 24B]"*). During adsorption, water
molecules may quickly diffuse to the interior of the adsorbent through the large pores to be adsorbed by the
numerous active sites. In addition, this 1D channel minimizes the diffusion distances for water molecules
between the interior and the surface of the adsorbent. Finally, these factors led to high water production
(2.12 L kg ymmen " day™).

Although the aforementioned strategies have achieved significant results in accelerating the adsorption
kinetics, the intracrystalline diffusion rate, especially in micropores, has not been substantially improved.
According to Wu’s work"*, the smaller the pore size of the adsorbent, the lower its applied RH. Therefore,
accelerating the diffusion of vapor in the adsorbent micropores will greatly promote the development of
psaAWH. Herein, the transport behavior of water molecules in the micropores is further re-examined from
a new perspective (superfluidity).

Superfluidity, in which molecules or ions move collectively and directionally in confined channels, results in
the rapid transport of matter*. The earliest report of superfluidity in 1938"7*'"") was based on observations
of this phenomenon in ‘He below 2.17 K. When *He passes through a channel with a diameter of less than
100 nm, its viscosity approaches zero, indicating that it can be transmitted in the channel at a superfast
speed without energy loss. Subsequent studies have shown that the temperature at which the superfluidity
phenomenon occurs can gradually increase with a decrease in the channel diameter””. In superfluidity,
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particles move directionally in an ordered manner, and the driving force to form this state is the attraction-
repulsion balance (i.e., the lowest point of the potential energy)"”. To achieve orderly motion, the attractive
potential (E) must be greater than the thermal noise (k;T), i.e., E > kT """ For particles, the attractive
potential (E) can be described using the potential-distance curve [Figure 25]. As the particles approach each
other, the attractive potential gradually decreases. When the distance is shortened to a certain value, the
attractive potential reaches a minimum E,, and the attraction between the particles is at a maximum. As the
distance continues to decrease, the attractive potential gradually increases and eventually becomes positive,
indicating that the particles begin to exhibit a repulsive force. According to Jiang’s work”, the absolute
value of E, is approximately equal to the thermal noise at the critical temperature (T,) of the particles,
ie., |E)| ~ k;T.. Therefore, to achieve *He superfluidity, due to the low critical temperature of helium (5.20
K), the temperature must be reduced low enough (< 2.17 K) to shorten the distance between the He atoms
to ensure a high attractive potential (|E| > k;T).

As mentioned previously, the attractive potential (E) must be greater than the thermal noise (k;T) for a
superfluid to be formed. In addition to reducing the temperature required to reach this condition,
superfluidity can be achieved through the space-confinement effect. On one hand, the confined space can
reduce the degree of disorder of the particles; on the other hand, the confined space can help shorten the
particle distance and make it easier to reach the lowest point of the potential energy (E,). Therefore, some
molecules (such as water molecules) can exhibit superfluidity at room temperature in confined spaces'”*. As
shown in Figure 26, when the channel size (D) of the confined space is four times the vdW equilibrium
distance (d,), superfluidity occurs in the middle of the channel. As the channel size decreases to ~2 d,;, all the
molecules in the channel enter the lowest potential energy point, inducing molecular superfluidity.

Evidence of water molecule superfluidity has been found in artificial nanochannels. Wu et al. studied the
transport of water molecules in carbon nanotubes (CNTs) and found that their flux was seven orders of
magnitude larger than that of bulk water"””. Molecular dynamics (MD) simulation showed that with a
decrease in the size of the CNT channel (from 4.99 to 1.66 nm), the rate of water molecule transport
increased significantly, and the proportion of ordered water molecules in the channel also increased
gradually, indicating ordered fast transport of the water molecules. For psaAWH, the fast water transport
behavior in the micropores shown by some materials may be related to superfluidity. For example, in the
nanoconfined channel of CPOS-6, water in the weak adsorption layer undergoes weak hydrogen bonding
interaction with the strong adsorption layer, ensuring that the channel has a moderate affinity to help
reduce the disorder of the water molecules [Figure 27A]%. Consequently, it is possible to achieve rapid and
orderly transport of the water molecules in the channel, leading to a fast kinetic process. Based on
theoretical simulations, Song et al. controlled the hydrophilic group content and pore size in porous
carbon", In the theoretical calculations in this study, for a certain density of hydrophilic groups in porous
carbon, the diffusion energy barrier of the water molecules increased with an increase in the number of
hydrophilic groups [Figure 27B]. This may be due to the increased hydrophilicity, which strengthens the
interaction between the pore and water molecules, thus destroying the orderly movement of the water
molecules, thereby increasing the transmission energy barrier. From the above discussion, we can
reasonably infer that water molecule superfluidity can exist in nanoconfined channels, thus promoting the
rapid transport of water molecules. The formation of a superfluid is a feasible strategy for improving the
intracrystalline diffusion of the psaAWH adsorbent.

CONCLUSION AND OUTLOOK

In this review, we introduced the working principles and general processes of psaAWH. Compared with
other freshwater production technologies, psaAWH has the advantages of a wide application range and no
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atoms. Reproduced with permission”*. Copyright Chinese Chemical Society.
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Figure 26. Occurrence of molecular superfluidity when the channel size of the confined space is reduced to 2 d,.Reproduced with
permission’’*. Copyright Chinese Chemical Society.

climate or geographical restrictions. Porous adsorbent materials used for psaAWH were systematically
summarized. Based on the water vapor adsorption mechanism of each material, the corresponding water
vapor adsorption/desorption process was presented, the advantages and disadvantages of each adsorbent
were discussed, and their development status was reviewed. Compared with traditional porous adsorbents,
emerging porous materials with unique properties exhibit excellent psaAWH performance. Although the
performance and applicability of psaAWH have improved with the development of various adsorbents, the
industrial application of psaAWH has not been fully realized, and only some patents related to psaAWH
have been applied"’*"”*l, Table 3 lists the commercial application prospects of different materials. The term
‘uncertain toxicity’ in the table indicates that the constituent elements of the COFs and CPOSs are non-
toxic, but some synthetic monomers may be toxic to the human body or cells; therefore, their toxicity is still
uncertain at present. As shown in Table 3, hydrogels are the most promising materials for commercial
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Table 3. Summary of commercial application prospects of various materials for psaAWH

Material Stability Recyclability Toxicity' Large-scale production
Zeolites High stability high-temperature Most are non-toxic Already used for
regeneration commercialization

MOFs Meet the needs of Yes Toxicity mainly comes from some Can be large-scale produced
psaAWH metals

COFs Meet the needs of Yes uncertain No
psaAWH

Hydrogels Meet the needs of Yes Most are non-toxic Already used for
psaAWH commercialization

Porous Meet the needs of Yes Most are non-toxic No

carbons psaAWH

CPOSs Meet the needs of Yes uncertain Can be large-scale produced
psaAWH

Toxicity' refers to the harmful effects on human body or cells. COFs: Covalent organic frameworks; CPOSs: crystalline porous organic salts; MOFs:
metal-organic frameworks.
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psaAWHs; however, their low water uptake at low RH limits their application. Based on the advantages and
disadvantages of different materials, the development of reasonable optimization strategies and the
establishment of evaluation criteria for the toxicity, stability, and other commercial indicators will promote
the commercialization of psaAWH.

We further evaluated various approaches for regulating the psaAWH performance by modifying the
adsorbent structures and properties. By regulating the pore size, functionality, surface area, and crosslinking
density, the adsorbent water uptake may be improved, and the shape of the water vapor adsorption
isotherm may be adjusted to the applicable RH range. Focus was placed on the kinetic factors of adsorbents,
and several strategies for accelerating water adsorption/desorption kinetics were discussed. Many studies
have obtained adsorbent materials with rapid kinetic processes by optimizing the adsorption process,
intra/inter-crystalline diffusion, and size and shape of the adsorbent. In this section, the intracrystalline
diffusion process in microporous adsorbents was examined from a new perspective (superfluidity) for the
first time.
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Although psaAWH has made considerable progress and demonstrated the potential for alleviating water
shortages, there are still some difficulties, and further progress is needed. Extensive efforts have been made
to accelerate the adsorption/desorption kinetics of adsorbents, such as the development of hierarchical pore
structures, incorporation of photothermal materials, etc. However, these strategies do not fundamentally
accelerate the intracrystalline diffusion of water molecules in microporous adsorbents, which is the key to
achieving high water absorption at low RH. Based on the previous discussion, the construction of water-
molecule superfluid channels in adsorbents is a feasible strategy for solving this problem. It has been
reported that the superfluidity of water molecules can be realized by adjusting the size and hydrophilicity of
the confined channels"”*. In recent reports, it has also been found that the intracrystalline diffusion rate of
microporous adsorbents can be improved by adjusting the size of the pore and the number of active
sites”"*"). Therefore, based on the mechanism by which superfluidity is generated, reasonable optimization
of the adsorbent pores has great potential for realizing water molecule superfluidity in adsorbents and
greatly promoting kinetic processes.
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