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management and freshwater generation
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SUMMARY

Atmospheric moisture exploitation (AME) technology has emerged
as a promising alternative solution to improve the unbalanced sup-
ply-and-demand relationship between reducing essential resources
(particularly energy and freshwater) and growing population. In this
regard, emerging hygroscopic polymer gels (HPGs) are regarded as
desirable materials for AME owing to their considerable hygroscop-
icity, highly tuneable structures, and easy integration with func-
tional components. This review covers an in-depth and all-around
overview of the up-to-date progress in HPGs used for AME. Firstly,
the hygroscopic mechanisms of HPGs are revealed, followed by the
presentation of state-of-the-art construction strategies, and the re-
lationships between structures and properties are illustrated in
detail. Furthermore, diverse cutting-edge applications based on
HPGs for energy management and freshwater generation are also
introduced, including fuel production, thermal dissipation, electric
generation, hygrochromism, freshwater collection, and agricultural
irrigation. Finally, we outline current challenges and their develop-
ment trends of HPGs in AME applications in the coming future.

INTRODUCTION

More than 7 billion people live on this planet now, and this number is projected to
increase to almost 10 billion by 2050."” Such an explosive rise in the global popula-
tion has created a huge demand for energy and freshwater, which are essential re-
sources closely related to human life.>~> Although extensive efforts have been dedi-
cated to exploring new technologies, there are still significant challenges to
achieving energy and freshwater sustainability.® As expected, energy and freshwater
provision will come under tremendous pressure in the foreseeable future, which may
trigger severe conflicts and even threaten human lives.””” Therefore, it becomes
imperative to explore new resources and additional technologies to further comple-
ment existing production methods to generate energy and freshwater.® """

Owing to the global hydrological cycle, a huge and ubiquitous water source exists in
the atmosphere, in the form of clouds, drops, and vapor12 (Figure TA). Among them,
atmospheric moisture is the most reliable resource as it exists everywhere regardless
of climatic conditions. It is estimated that it can reach up to 12,900 cubic kilometers,

six times the total volume of global rivers, at all time,®"'*

which can satisfy all de-
mands of humans for energy and freshwater if it is well utilized. Unfortunately, atmo-
spheric moisture is often overlooked. In this respect, atmospheric moisture exploita-
tion (AME) technology is a promising alternative to realizing energy and freshwater

sustainability.>'*"'® Moreover, AME can also provide a decentralized strategy for

2624 Matter 5, 2624-2658, September 7, 2022 © 2022 Elsevier Inc.

PROGRESS AND POTENTIAL
Sustainable provisions of energy
and freshwater have substantial
implications for society’s
development and have become
global hotspots. As an alternative
water source, atmospheric
moisture holds significant
potential for decentralized water
and/or energy generation
regardless of geographical and
hydrologic conditions. Emerging
hygroscopic polymer gels (HPGs)
characterized by 3D crosslinked
polymeric networks have been
intensively designed to achieve
considerable atmospheric
moisture trapping and storage.
Moreover, rational integrations of
functional additives into their
networks through gelation
chemistry allow HPGs versatile
properties to exploit captured
moisture for various frontier
energy- and water-related
applications, such as fuel
production, thermal dissipation,
electric generation,
hygrochromism, freshwater
collection, and agricultural
irrigation. In this review, we also
discuss the moisture sorption
mechanisms of HPGs in detail,
illustrate their relevant
construction strategies, and finally
outline their challenges and
opportunities in this stage.
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Figure 1. Schematic of AME

(A) The abundant moisture resources enabled by the global hydrological cycle on Earth.

(B) The working principle of the sorption-based AME for energy management and freshwater
generation, involving moisture sorption and utilization of captured moisture.

isolated off-grid areas to yield energy and freshwater without geographical and cli-

matic constraints.> 417

Specifically, atmospheric moisture harvesting (AMH) is the primary step in the AME.
Versatile AMH strategies, including fog collection, dewing, and sorption, have been
developed in past decades.'”'?~?? Fog collection, referring to the harvesting of tiny
droplets in the air, however, heavily depends on weather conditions, as it needs the
emergence of fog.?*?* In addition, dewing is another approach that can condense
moisture via cooling the temperature below the dew temperature of water. Despite
its high efficiency, intensive energy with high cost will be consumed, which is uneco-
nomic and inaccessible in practical usage.'” By comparison, sorption technology
can spontaneously trap moisture using sorbents with well-established chemical
and physical structures without weather limitations or energy requirements.’*""/
As a result, the sorption strategy offers a new prospect for AMH in a more available
and energy-efficient way.

As depicted in Figure 1B, there are two cyclic steps involved in a sorption-based
AME; that is, moisture sorption and utilization of captured moisture. More specif-
ically, the sorbents can spontaneously capture moisture from the air, store it, and
then transform the captured moisture for energy harvesting and freshwater genera-
tion. In this process, the sorbent materials play a vital role, and their inherent prop-
erties, such as hygroscopicity and structures, as well as functionality, all affect the
overall AME performances.'*'® Therefore, the development of novel sorbent mate-
rials with higher hygroscopicity, well-made structures, and stronger functions, is a
straightforward, effective, and attractive way for the blooming of the AME field.

Benefiting from highly tuneable physical structures and chemical properties, hygro-
scopic polymer gels (HPGs) can be precisely controlled by gelation chemistry to
desirable hygroscopic performances.®'* Moreover, their rich porous structures
and unique swelling properties enable HPGs to act as reservoirs for captured water
storage without leakage.? Furthermore, the easy integration of functional additives
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Figure 2. Summary of design strategies of HPGs and their AME applications

in the HPGs allows them versatile properties to further utilize captured moisture for
various energy and/or water harvesting.®?*~*® Therefore, HPGs have emerged as a
desirable platform material used in AME during the past years.

At present, AME technologies based on HPGs are still evolving at an incredible rate,
but remain in their early stages. Although considerable encouraging advances have
been achieved, there is still no review to systematically summarize the latest devel-
opment in HPGs and their promising AME applications for energy management and
freshwater generation. Therefore, this timely review covers a comprehensive over-
view of such emerging hygroscopic materials for HPGs for AME. In this review, we
start by analyzing the moisture sorption mechanisms of HPGs, followed by discus-
sing versatile fabrication strategies, including but not limited to the creation of
porous structures in the hydrophilic gels, mixing hygroscopic components (e.g.,
solid desiccants and liquid sorbents) within polymer networks, and demonstrate
their structure-property relationships. Then we present the development of HPGs
in many cutting-edge AME technologies for energy management and freshwater
generation, involving fuels production, thermal dissipation, electric generation,
hygrochromism, freshwater collection, and agricultural irrigation (Figure 2). Finally,
we summarize the challenges and prospects of HPGs at this stage. We strongly
hope that such booming innovations of HPGs illustrated in this review can push for-
ward the frontiers of AME technology, finally contributing to the vision of sustainable
development.

DESIGN AND CONSTRUCTION OF HPGs

The essential step to trigger AME is to capture moisture from the atmosphere. In this
regard, dominant criteria, such as equilibrium sorption capacity (ESC) and sorption
kinetics, have been applied to design and construct desirable HPGs for considerable
moisture sorption.’*"®"” First of all, the ESC of HPGs is a curial factor in evaluating
their hygroscopicity, because it determines the maximum amounts of water
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available in the later AME.?? Typically, the ESC of the HPGs was measured by dy-
namic moisture sorption, which can give the equilibrium moisture uptake as a func-
tion of the relative humidities (RHs) at a specific temperature. The sorption kinetics is
another primary consideration for HPGs in serving as moisture sorbents, which
strongly depends on their structural configurations and surface properties.®*’
For HPGs, by faster sorption kinetics is meant a larger moisture sorption amount
in a given time under the same RH and temperature. On some application occasions,
rapid sorption kinetics of HPGs can allow them to realize multiple sorption-desorp-
tion cycles in 1 day, resulting in more water collection.*%*? However, these two fac-
tors should be comprehensively considered as per their application conditions for
HPGs to achieve desirable moisture sorption. To date, various state-of-the-art
HPGs have been obtained through diverse material designs and fabrication strate-
gies. In this section, the underlying moisture sorption mechanisms of HPGs are first
be discussed in detail. Moreover, relevant advances in the designs and constructions
of HPGs are also introduced along with representative samples. In addition, an all-
round summary of recently developed HPGs, including their classifications, design
and fabrication strategies, hygroscopic performances, advantages, and current chal-
lenges, are given in Table 1 as a guide for their following developments.

Moisture sorption mechanisms of HPGs

Understanding their moisture sorption mechanisms can provide a better design
principle for the construction of desirable HPGs. For the moisture sorption process,
in general, two processes occur simultaneously inside the HPGs, namely, moisture
trapping and water storage. Specifically, moisture trapping takes place on the
gas-solid interface of HPGs, resulting from various interactions between water mol-
ecules and HPGs (Figure 3A). Hence, according to different interactions, moisture
sorption can be categorized into physisorption and chemisorption, respectively.
Physisorption is mediated by van der Waals force, which is a rapid and reversible
process. The Brunauer, Emmett, and Teller (BET) isotherm, a mainstream model,
is developed to explain physisorption based on a certain hypothesis,’*“¢ and the
corresponding BET equation is described by Equation 1:

L FU: |
vi(po/p) — 1] vmc (Po) +VmC7 (Equation 1)

where pg and p are the saturation pressure and the partial pressure of water vapor at

the given sorption temperature, respectively; v is the equilibrium amount of water
molecules at the p/po; vy, refers to the monolayer water molecules amount; c is
the BET constant, which is calculated by Equation 2:

o exp(Ey — Ep)
a RT ’

where Ej is the sorption enthalpy for the first layer, and E; is the that for the second

(Equation 2)

and higher layers; Ris the gas constantand Tis the sorption temperature. As a result,
the surface texture of HPGs plays an important role in their physisorption, where a
large surface area (v,,) is beneficial to achieve a higher sorption capacity (v). More-
over, owing to its weak affinity to water molecules, physisorption has a low sorption
enthalpy of ~20 kJ/mol or less, and thus allows a low energy barrier to release the
captured water.'****’ For hydrophilic HPGs, chemisorption causes moisture trap-
ping through stronger chemical interactions, such as hydrogen bonds, electrostatic
interactions, and coordination effect. In this regard, the Langmuir isotherm model
is introduced to explain the chemisorption behavior, and obeys the following
equation:
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Table 1. Summary of recently developed HPGs for moisture sorption

Fabrication

Representatives

Hygroscopic
performance

Advantages

Current challenges

Design: IPGs creation of porous structures in the gels

sol-gel transformation

sol-gel transformation

sol-gel transformation

sol-gel transformation

freeze drying

freeze drying

silica gel®

SNHGs*

Cu-complex hydrogel**

Co-SHM?®®

PGF*°

G-PDDA™'

0.45 g g~ at 100% RH,
25°C

3.6gg ' at90% RH,
25°Cfor12h

0.2gg " at40% RH,
20°C;

0.6 g g~ ' at 60% RH,
20°C;

1.25g g~ at 80% RH,
20°C;

3.05gg " at95% RH,
20°C

0.11gg " at 30% RH,
25°C;

0.83g g at60% RH,
25°C;

450gg " at 95% RH,
25°C

0.64 g g~ " at 60% RH,
25°C;

4.20g g " at 90% RH,
25°C;

5.20g g " at 100% RH,
25°C

0.13 kg kg~" at 30% RH,
25°C;

0.37 kg kg™" at 60% RH,
25°C;

1.1 kg kg~ at 90% RH,
25°C

well-studied, commercial
availability

high moisture uptake in
high RHs, low
regeneration
temperature

high moisture uptake in
high RHs, low
regeneration
temperature

high moisture uptake in
high RHs, low
regeneration
temperature

high moisture uptake in
high RHs, rapid sorption/
desorption kinetics

high moisture uptake in
high RHs, rapid sorption/
desorption kinetics

low moisture uptake

low moisture uptake in
low RHs

low moisture uptake in
low RHs

low moisture uptake in
low RHs

low moisture uptake in
low RHs, structural
stability

low moisture uptake in
low RHs, structural
stability

Design: MPGs load of solid desiccant onto polymer networks

immersion drying

immersion drying

immersion drying

freeze drying and
immersion drying

ions exchange
ions exchange

impregnation network

PAM-CNT-CaCl,*®

Alg-CaCl,*’

PDMAPS-LiCI*®

vertically aligned
LiCl@rGO-SA*”

Bina®®
PAETA-Ac"!

SAMG*?

2628 Matter 5, 2624-2658, September 7, 2022

0.69 g g ' at 30% RH,
25°C;

1.08 g g~ at 60% RH,
25°C;

1.73g g " at 80% RH,
25°C

1.18 g g ' at 33% RH,
28°C;

1.59 g g~ at 56% RH,
28°C;

2.26gg "at78% RH,
28°C

0.62gg ' at30% RH,
30°C

1.01gg ' at 15% RH,
30°C;

1.52 g g~ at 30% RH,
30°C

5.6gg ' at70% RH,
25°C for 700 min

0.87 gg ' at 80% RH;

0.70g g ' at 30% RH,
25°C;
0.40 g g~ at 60% RH,

6.70 g g~ " at 90% RH,

high ESC

high ESC

high ESC

high ESC, rapid sorption/
desorption kinetics

high ESC

none-corrosive

thermo-responsive water
oozing, high ESC

slow sorption/desorption
kinetics, corrosive

slow sorption/desorption
kinetics, corrosive

slow sorption/desorption
kinetics, corrosive

structural stability

slow sorption/desorption
kinetics, corrosive

slow sorption/desorption
kinetics

high cost

(Continued on next page)
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Table 1. Continued

Hygroscopic

Fabrication Representatives performance Advantages Current challenges
in situ copolymerization PC-MOF* 0.76 g g~ at 30% RH autonomous water high cost
and immersion drying 25°C for 12 h; oozing, high ESC

1.61g g at 60% RH
25°C for 12 h;
3.74gg " at 90% RH
25°Cfor12h

Design: MPGs hold of liquid sorbents into polymer networks

solvent displacement POG* 16.01 kg m~2 at 90% RH, high ESC
25°C

in situ copolymerization RIG* 1.25g g " at 90% RH, high ESC, strong
25°C adhesion

relatively slow sorption/
desorption kinetics
relatively slow sorption/
desorption kinetics

- _Kpm

=3 Koy’ (Equation 3)

where 6 is the equilibrium fraction of sorption sites occupied, which can reflect the
chemisorption capacity in a sense, K is the equilibrium constant depending on
the intrinsic affinity of the sorbents to water molecules and temperature, and p,, is
the partial pressure of moisture. Therefore, a stronger interaction between sorbents
and water molecules (a larger K) and higher environmental humidity (a larger p,,) are
both desirable for improving chemisorption according to the Langmuir isotherm
model. However, a higher affinity of chemical interactions for sorbents usually results
in a greater barrier to their regeneration. Therefore, there is a trade-off between effi-
cient moisture sorption and easy regeneration in designing HPGs. In this sense,
hydrogen bonds with suitable bonding energy (9.7-29.0 kJ/mol) are highly prefer-
able in HPGs,'® which is higher than that of physical van der Waals forces and en-
ables HPGs to take up moisture in low RHs. However, the bonding energy in
hydrogen bonds is weaker than that of other chemical bonds for easy activation,
thus striking a balance between moisture sorption and regeneration. Moreover,
the increment of sorption sites of HPGs can also effectively improve their chemisorp-
tion. In this respect, the enlargement of the sorption area via creating porous struc-

tures inside HPGs has been a general strategy to further promote their sorption.***'

In addition, water storage usually occurs in the HPGs after moisture trapping. In light
of different storage modes, there are two sorption behaviors for HPGs, namely,
adsorption and absorption. Adsorption is an exothermic moisture sorption process
that only appears on the surface of HPGs,'? which is greatly influenced by their inter-
acting forces and areas with water molecules (Figure 3B). Moreover, for porous
HPGs, moisture adsorption occurs not only on their bulk surface but in their pore
structure. As demonstrated in Figure 3C, the moisture can be adsorbed by porous
HPGs in two ways, including pore filling or capillary condensation.'®*%*” Typically,
the smaller pore diameters can effectively promote the adsorption potential of HPGs
to achieve their moisture adsorption at lower RHs.'®*%%? When their effective pore
diameter is lower than the critical diameter (D.) of the water, HPGs can undergo
moisture adsorption through pore filling.*®*? The D. of water is calculated as

follows:#¢:47:50

40’TC .
D. = ————, (Equation 4
7= 1 quatton 4
in which o is the van der Waals diameter of the water molecule (~2.8 A), and T¢
(~647 K for bulk water) and T refer to critical temperature and the adsorption tem-

perature of the water, respectively. As a result, the D, of the water is ~2.076 nm
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Figure 3. The moisture sorption mechanisms for HPGs
(A) Physisorption and chemisorption of HPGs.

(B) Adsorption behavior of HPGs.

(C) The captured water was adsorbed by their pores.
(D) Absorption behavior of HPGs.

(E) The captured water was absorbed by swelling.

at 25°C. Thus, for HPGs with hydrophilic properties, the adsorbed water molecules
will firstly nucleate on their hydrophilic sites, which can continuously act as new
adsorption sites to trap water molecules for the formation of small water clusters,
finally leading to a continuous pore filling."® It is worth noting that the primary mois-
ture adsorption is chemisorption due to hydrophilic groups of HPGs, but subsequent
adsorption is mainly on physisorption, therefore requiring less energy for their
regeneration.”’ In addition, hydrophobic HPGs with a pore size smaller than D, for
moisture adsorption mainly depend on van der Waals forces, and the pore filling
will start at the pore center.”” Owing to their hydrophobicity and pore diameters,
the above HPGs generally demonstrate a very limited hygroscopicity, and thus
none have been reported so far. Moreover, for HPGs with pore sizes larger than
D, capillary condensation will occur when their critical condensation pressure is
reached.'®*® According to the Kelvin equation, the critical condensation pressure
of HPGs is determined by their pore diameters.'®>' Compared with pore filling,
capillary condensation usually happens at higher RHs. However, the capillary
condensation for HPGs can lead to a higher ESC than that of those with pore filling
due to their larger pore volumes.
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Furthermore, for most HPGs, there is an absorption behavior, where water mole-
cules are first captured by sorption sites on their surface and then further incorpo-
rated into their crosslinked polymeric networks through swelling (Figure 3D). There-
fore, the absorption kinetics of HPGs is not only determined by their surface
properties and texture structures but also depend on their swelling, in other words
the liquid diffusion in their bulk.*”*? Liquid diffusivity Dj in the HPGs can be
described by Biot's linear theory of poroelasticity coupling the chemical potential
gradient of captured water and the elastic energy of the HPGs, which can be defined
as:

D - 2Gkop(1+v) (Equation 5)

S 3n(1 - 20)(1 = @)

where G and v are the shear modulus and Poisson ratio of the HPGs, respectively, nis

the dynamic viscosity of water, ¢ is the local volume fractions of liquid in the HPGs,
and ko is a constant relating to the geometric properties of HPGs. As a result, a
higher G and optimized initial solid fraction for HPGs is desirable for a faster inner
liquid transport to improve their absorption kinetics. In this regard, recently, Diaz-
Marin et al. developed a generalized two-concentration model coupling the vapor
pressure difference and the water chemical potential gradient to identify key design
parameters of HPGs for fast absorption kinetics, including their initial porosity, hy-
drogel thickness, and shear modulus.”* Eventually, continuous moisture absorption
will resultin swelling behaviors of HPGs, thus contributing to a larger ESC (Figure 3E).
Note that the limit of ESC for HPGs highly depends on their swelling ratio, where a
larger volume expansion can lead to more space for holding captured water and
achieving a larger ESC. Therefore, the swelling of HPGs highlights their advantages
as framework materials for moisture sorption over other solid sorbents, which should
be taken into more account in the following research.

However, there is a combined hygroscopic behavior in actual HPGs instead of singu-
lar adsorption or absorption behavior, in which physical structures and chemical in-
teractions both play essential roles. Therefore, a better understanding of the mois-
ture sorption mechanisms of HPGs is necessary to make more informed designs and
fabrications to achieve desirable hygroscopic performances in the future.

Intrinsic-type HPGs

When featured with well-designed chemical and/or physical structures, intrinsic-
type polymer gels (IPGs) can directly harvest moisture from the air. Generally, poly-
mer gels are fabricated from monomers or polymers through the formation of cross-
linked networks. In this process, the chemical hydrophilicity of materials can enable
themselves a remarkable hygroscopic ability. Therefore, the primary principle of
HPGs preparation is tuning hydrophilic monomers or polymers to act as the back-
bones of IPGs. For example, polar groups such as hydroxyl (-OH),>* amino
(-NH>),>® carboxylic acid (-COOH),***¢ and sulfonic acid (-503H)*”*% groups, etc.,
are commonly introduced into the networks of IPGs for moisture sorption, as they
can form more abundant hydrogen bonds with water molecules. Moreover, charged
ionic groups, including quaternary ammonium groups (NR3*) and acetate (Ac)
groups (COO™), are also reported to help IPGs harvest moisture through forming
electrostatic interactions with water molecules.>'*® Furthermore, the metal sites
on the backbones of IPGs can also provide coordination effects with water molecules
and trap them.?**/>7% |n these cases, the amounts and the affinity of inherent hy-
drophilic groups on the IPG surface are both essential influencing factors for their hy-
groscopic performance. Typical examples of hygroscopic IPGs are hydrophilic cross-
linked polymeric resins, such as the natural polymer (e.g., starch,®’%? cellulose®®)
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and synthetic polymer (e.g., sodium polyacrylate,®® polyvinyl alcohol [PVA],%*
phenolic resins®*) xerogels, which have been widely developed and commonly em-

99:56.67 ate. Even

ployed for environment dehumidification,®® sensors,®® actuators,
so, slow sorption kinetics of these IPGs caused by their dense network structures still
result in unsatisfactory amounts of moisture sorption in a required time, which

severely restrict their practical usage in energy and freshwater harvesting.

Creation of porous structures in the hydrophilic gels

From a mechanistic point of view, the physical porous structures cannot only enlarge
the sorption surface,”*'*? but increase the sorption potential when a certain size is
achieved.'®*%*? Hence, it is usually designed in hydrophilic gels to promote their
hygroscopic performances. For example, the sol-gel transformation is typical for
constructing nanoporous inorganic IPGs. Among them, silica gels are one group
of representative nanoporous materials with silanol groups on their surface, and
have been intensively well studied and commercialized for moisture uptake®**® (Fig-
ure 4A). Unfortunately, silica gel usually shows a low moisture uptake due to its
limited pore volumes and requires a high energy requirement for its regeneration,
thus significantly restricting many applications.®” Very recently, Nandakumar and
co-workers presented super hygroscopic nanoporous hydrogels (SNHGs) via a
similar strategy, which contained an amorphous non-stoichiometric compound of
Zn and O atoms for a highly efficient moisture sorption®**” (Figure 4B). A nanopo-
rous and fringed contour were present in the interior of the SNHGs with an optimized
Zn/Q ratio of 1:1.1, which significantly enhanced its adsorption surface. As a result,
the SNHGs demonstrated a specific surface-area-dependent hygroscopic perfor-
mance. When its specific surface area is 350 cm? g~', such an SNHG could harvest
over 360% of its weight for 12 h at 90% RH. Moreover, the corresponding density
functional theory results also revealed that the binding energy of adsorbed water
molecules with the SNHGs was initially high but then decreased sharply. The phe-
nomenon indicated that the subsequent sorption was just physisorption, and thus
less energy was required for its regeneration. As a result, such SNHGs exhibited a
higher moisture uptake and a lower desorption barrier than other porous materials,
such as silica gels and MOF-801 (Figure 4C).

Different from inorganic IPGs, organic hygroscopic IPGs enabled humidity harvest-
ing through absorption strategy, which was capable of storing the captured water
within their bulk polymeric mesh through swelling. In this regard, the common strat-
egy for creating porous structures in these organic IPGs is freeze drying. For
instance, Yao et al. recently proposed a porous sodium polyacrylate (PAAS)/gra-
phene framework (PGF) for moisture uptake via freeze drying®® (Figure 4D). The hy-
groscopicity of PGF was ascribed to the numerous -COOH groups localized on the
PAAS, which could spontaneously form hydrogen bonds interacting with water mol-
ecules. Owing to the freeze drying process and the introduction of graphene oxide
(GO), the PGF demonstrated microporous structures with pore sizes ranging from 30
to 50 pm and porosity of up to 99%, which significantly promoted their sorption
areas and inner vapor diffusion (Figure 4E). As a result, the PGF showed a faster sorp-
tion kinetics and a higher ESC than pure PAAS and GO (Figure 4F). Moreover, the
PGF showed a great application potential in high RHs, enabling a superhigh ESC
of5.20 g g~ at an RH of 100% (Figure 4G).

Another similar paradigm is the development of a hydrophilic aerogel material (G-
PDDA) that is composed of a cationic polymer, poly-diallyl-dimethylammonium
chloride (PDDA), with a negatively charged reduced GO (rGO) for moisture sorp-
tion®" (Figure 4H). The abundant charged groups of NR®*" on PDDA could bond
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Figure 4. Creation of porous structures in the hydrophilic gels

(A) The nanoporous silica gel with hydrophilic groups. Reproduced with permission.®® Copyright
2021, Royal Society of Chemistry.

(B) The simulated structure of the SNHG with an optimized Zn/O ratio of 1:1.1.
(C) A comparative chart showing the maximum ESC and desorption temperatures of reported

hygroscopic materials. Reproduced with permission.”” Copyright 2019, Wiley-VCH.

(D) Schematic of the fabrication of PGF.

(E) SEM image of PGF shows the cellular architecture.

(F) Moisture uptake of rGO, PAAS, and PGF for 28 h at 25°C and 100% RH.

(G) Moisture uptake of PGF under RHs of 60%, 95%, and 100%, respectively. Reproduced with
permission.*® Copyright 2020, Wiley-VCH.

(H) Schematic of physical and chemical structures of G-PDDA.

(1) Water sorption/desorption kinetics of PDDA and G-PDDA, measured at 25°C and 60% RH for

uptake and 80°C and 4% RH for desorption. Reproduced with permission.?’ Copyright 2020,
Elsevier.

with water molecules through electrostatic interactions, accounting for the hygro-
scopicity for G-PDDA and PDDA samples. Similarly, the addition of rGO in PDDA
allowed G-PDDA to form a highly porous structure after freeze drying, which was
conducive to realizing fast sorption/desorption kinetics. As shown in Figure 4l,
pure PDDA takes about 20 h to reach its sorption equilibrium and 23 h to fully
release water, but the G-PDDA takes only 20 min under the same conditions.
Therefore, such a G-PDDA can harvest more moisture from the air by conducting

multiple sorption-desorption cycles in a specific time than that of dense pure
PDDA.
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Mixed-type HPGs

In addition, numerous existing hygroscopic materials, such as solid desiccants and
liquid sorbents, can also be mixed with polymer gels to obtain mixed-type HPGs
(MPGs) for moisture sorption. Generally, MPGs demonstrate a synergistically
enhanced hygroscopicity compared with unmixed ones. Thus far, various accessible

mixed approaches, including immersion drying,?¢*"7%7"

| 42.72 45,73-75
.

ion exchange, impregna-

tion networ in situ copolymerization, and solvent displacement,**

have been developed to prepare hygroscopic MPGs.

Loading of solid desiccant onto polymer networks

The solid desiccants, including deliquescent salts, metal-organic frameworks
(MOFs), silica gel, zeolite, etc., can provide open binding sites to bond with water
molecules, and have been widely used for moisture uptake.m'w'w7 Therefore, a
straightforward design to obtain HPGs is to immobilize solid desiccants onto poly-
mer networks.

Owing to their multistep hydration processes, deliquescent salts, including lithium
chloride (LiCl), calcium chloride (CaCl,), zinc chloride (ZnCl,), etc., can achieve a
five to six times moisture sorption of their mass, which has gained enormous atten-
tion."*’® However, the liquefaction of these salts after deliquescence will result in
many problems, such as leakage and aggregations as well as corrosion. In this sense,
polymer gels can keep liquid in the form of solids and provide a swellable structure
for liquid storage, enabling a promising matrix to combine with these deliquescent
salts for moisture sorption.

The immersion drying method is regarded as a convenient approach to obtain MPGs
loaded with salts as it does not require any complex modifications. As a proof-of-
concept, Li et al. prepared an HPG by composing deliquescent CaCl; onto the poly-
mer networks of polyacrylamide (PAM).?® As shown in Figure 5A, the resultant PAM-
CNT (carbon nanotube)-CaCl, was obtained by directly immersing PAM-CNT gel in
CaCl; aqueous solution with subsequent drying. As a result, the PAM-CNT-CaCl,
demonstrated a wide hygroscopic range and could realize an ESC of 5%, 69%,
110%, and 173% of self-weight with RHs of 10%, 35%, 60%, and 80%, respectively.
Notably, the salt content can play an essential role in the hygroscopic performance
of the salt composite HPGs. Generally, for HPGs with a large swelling ratio, higher
salt content can enable larger water chemical potential differences to accelerate
their swelling behavior, realizing a faster sorption kinetics in the initial stage and a
larger equilibrium moisture uptake.’ Unfortunately, for most gel materials, a
salting-out effect will occur when they swell in salt solutions, resulting in an aggrega-
tion of polymer chains and suppressing their swelling capability, leading to a limited
moisture sorption.”” In this sense, zwitterionic polymeric backbones with a special
salting-in effect can allow HPGs more salt loading for a better hygroscopic perfor-
mance.*®’’ For example, Lei et al. developed a salt-responsive polyzwitterionic hy-
drogel (PDMAPS-LICl) composed of poly [2-(methacryloyloxy)ethylldimethyl-(3-sul-
fopropyl)ammonium hydroxide hydrogel with LiCl for moisture harvesting.*®
Owing to its salting-in effects, the addition of LiCl enabled the PDMAPS chains
with stretched conformation and enhanced mobility, improving the diffusion of
captured water in the resulting hydrogel, especially under low RHs. As a result,
the PAMPS-LICl hydrogel demonstrated an enhanced hygroscopic performance of
0.62 g/g and impressive sorption kinetics of 120-min equilibrium time at 30% RH.

Recently, a new strategy known as “ions exchange” has come to light, in which a se-
lective replacement of counterions in HPGs can efficiently promote their
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hygroscopic performances. Entezari et al. have designed an alginate gel modified
with binary salts (Bina) for moisture uptake.40 The detailed fabrication of Bina is

demonstrated in Figure 5B: Ca®*

was first chosen to crosslink two G-blocks from

Saline water @ 5°C

Coil state/

PC-MOF mixed-
matrix hydrogel

“1 Copyright 2021, Royal Society of Chemistry.
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two sodium alginate chains, and then Li* was applied to replace all remaining so-
dium ions on chains. Compared with the sorbents incorporated with a single salt,
the Bina was found to have a remarkable improvement both in sorption kinetics
and ESC. Finally, the Bina exhibited a high ESC of 5.6 Quater/Gsorbents at 70% RH,
which was higher than that of the recently reported desiccants. In another example,
Wu et al. synthesized metal- and halide-free hydrogels (PAETA-X) by polymerization
followed by organic-ion exchange, whose charged polymeric backbones and paired
organic anions were both hygroscopic components®' (Figure 5C). By altering paired
anions, the ESC of PAETA-X could be well controlled, and the corresponding mech-
anisms were verified using VMD and Multiwfn software (Figure 5D). The results re-
vealed that chain mobility and free volumes of PAETA-X would be significantly
improved with the introduction of Ac anions, which effectively promoted its moisture
sorption. As a result, the PAETA-Ac demonstrated the highest water uptakes, result-
ing in ~0.87 g g~ at 25°C and 80% RH (Figure 5E).

This is expected to be a promising method to fabricate hygroscopic MPGs via the
design of novel hygroscopic materials at the molecular level and combining them
with polymer gels. For instance, Zhao et al. have developed a molecular hygroscopic
chloride-doped polypyrrole (PPy-Cl), which can effectively liquefy water vapor by its
solvation effect’” (Figure 5F). The resulting hydrophilic PPy-Cl facilitated the forma-
tion of an interpenetrating structure with poly-NIPAM chains to obtain a super mois-
ture-absorbent gel (SMAG). As demonstrated in Figure 5G, the moisture sorption
mechanism of SMAG could be explained as follows: (1) moisture molecules were
captured and liquefied to drops assisted by PPy-Cl and (2) water droplets were
further transferred into its polymeric networks for storage. Thus, the SMAG exhibited
impressive moisture sorption of 6.7, 3.4, and 0.7 g g~ of corresponding dried sam-
ples at RHs of 90%, 60%, and 30%, respectively (Figure 5H).

In addition, the in situ copolymerization is regarded as a feasible approach to
combine hygroscopic nanoporous solids, including MOFs, silica gels, and zeolite,
with polymer gels to achieve MPGs. Recently, Yilmaz et al. proposed a MOF-assisted
hygroscopic polymer gel (PC-MOF) for atmospheric moisture uptake.** Owing to its
remarkable structure stability, high ESC, and fast sorption kinetics, MIL-101(Cr) was
chosen in this system to blend with the polymeric mesh of poly-NIPAM through the
in situ free-radical copolymerizations (Figure 51). As expected, the highly hygroscop-
ic MIL-101(Cr) could stably attach to the polymer networks for an improved moisture
uptake. Furthermore, the PC-MOF was eventually obtained from P-MOF through a
salinization process with the CaCl, solution. As a result, a rapid uptake kinetics
was also achieved at 90% RH for the PC-MOF, whose sorption rates could reach
0.72 g g~ " h~" within the first 3 h. Moreover, the PC-MOF presented high-capacity
sorption of up to 5.27 g g~ " after a 72-h continuous water harvest in 90% RH.

Hold of liquid sorbents into polymer networks

Liquid sorbents can provide a lower equilibrium water vapor pressure than the envi-
ronment, thus demonstrating a hygroscopic capability from the air. To date, com-
mon hygroscopic liquid systems, including ionic liquids,”® organic alcohols,”” and
concentrated salt solutions,”” have been employed for moisture capture, which
can absorb moisture into the whole volume driven by the concentration differences,
and thus exhibit a favorable feature of continuous and large-capacity moisture har-
vest. However, due to their flowable characteristic, liquid sorbents still have some
drawbacks in actual operations, such as potential leakage risk and poor portability.
Furthermore, the restricted exposure surface of liquid sorbents also results in
a limited hygroscopic performance. In this sense, polymer gels have superb
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Figure 6. Hold of liquid sorbents into polymer networks

(A) Schematic illustration of water management of Tillandsia leaves.

(B) The moisture sorption mechanisms of the POG.

(C) 2D Raman mapping of (i) the surface and (ii) the interior of POG during moisture sorption.
(D) The moisture sorption equilibrium curve of POG; the inserts are the physical photos of POG
before and after moisture sorption, respectively. Reproduced with permission.** Copyright 2020,
Wiley-VCH.

(E) The left part is components composited of the RIG and their structures, and the right part is a
schematic of the moisture sorption and evaporation for the RIG.

(F) The hygroscopic kinetics of RIG at different RHs. Reproduced with permission.*> Copyright
2021, Wiley-VCH.

liquid-holding and swellable abilities, achieving a self-supported solid form for
liquid sorbents storage. Accordingly, there is a great interest in the preparation of
MPGs with liquid sorbents within the polymer networks for moisture sorption, which
is generally achieved through solvent displacement and in situ copolymerization.

For example, through direct immersion in concentrated solutions, LiBr, CaCly, and
ZnCl, aqueous solutions could be encapsulated in well-designed polymer net-
works to obtain various MPGs,”"”*’* which usually exhibited a passive hygroscop-
icity and could spontaneously regenerate through moisture sorption after dehydra-
tion. As shown in Figures 6A and 6B, inspired by the structure and function of
Tillandsia leaves, our group has reported a hygroscopic organogel (POG) whose
hydrophilic polymer networks are designed to accommodate hygroscopic glycerol
liquid for moisture uptake through a facile solvent displacement.** Moreover, 2D
Raman mapping was investigated to track the sorption path of water molecules
during moisture uptake. From the results, it could be observed that water mole-
cules were captured by the surface of POG and then further diffused into its inte-
rior driven by the same osmotic effect as that of liquid sorbents (Figure 6C). There-
fore, the POG could take advantage of sustainable moisture sorption of glycerol
liquid and swellable features of polymeric networks, thus contributing to a high
ESC. As a result, such an integrated POG showed a superhigh equilibrium
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moisture sorption of 16.01 kg m™2 under 90% RH for 84 h coupled with significant
swelling (Figure 6D).

lonic liquids are versatile hygroscopic liquids that can provide a higher hygroscop-
icity and more reliable physical/chemical stability than other common liquid sor-
bents.”®®' More recently, we also proposed an atmospheric hygroscopic ionogel
(RIG) by in situ copolymerization, in which a highly hygroscopic ionic liquid of
1-ethyl-3-methylimidazolium Ac was accommodated into a hydrophilic poly(acrylic
acid-co-2-acrylamido-2-methylpropane sulfonic acid) network for moisture uptake®”
(Figure 6E). As a result, a fast and high-capacity moisture uptake of 0.96, 0.50, and
0.24 g g~ for 12 h at RHs of 90%, 70%, and 50%, respectively, was achieved by the
RIG, which was competitive with other reported state-of-the-art sorbent mate-
rials*!:78.80.62 (Figure 6F).

PROMISING APPLICATIONS OF HPGs

As previously discussed, HPGs can realize spontaneous AMH from the air, therefore
exhibiting a great promise in sustainable water and energy applications. Moreover,
owing to their highly tunable structures and functions, HPGs have functioned as
appealing materials for realizing efficient AME by taking advantage of captured
moisture. In this section, the state-of-art demonstrated water and energy applica-
tions of HPGs for AME, including energy management and freshwater generation,
are firstly introduced and discussed. Moreover, we also summarize the essential in-
formation of cutting-edge AME technologies with their desirable HPG properties in
Table 2.

Energy management

Owing to their declining and non-renewable reserves, traditional ways of energy
generation from fossil fuels seem to be limited in a near future. Therefore, reason-
able energy management, including energy harvest, efficiency promotion, and en-
ergy thrift, is what people have been striving for, particularly in this energy-
consuming society. Given its ubiquitous and sustainable features, atmospheric
moisture provides an alternative and promising resource for energy management,
especially in remote areas without accessible liquid water sources. This field is
acquiring increasing attention, and recently much progress has been achieved in
various forms of energy management based on HPGs, such as fuels production, ther-
mal dissipation, electric generation, and hygrochromism.

Fuel production

Clean chemical fuels, such as hydrogen and oxygen gases, can be obtained from wa-
ter through water-splitting technologies. Unlike traditional water-splitting systems
that require regular water replenishment, atmospheric water splitting (AWS) can
spontaneously uptake moisture from the air and achieve water enrichment for sub-
sequent water splitting, thus gaining tremendous attention.'® Owing to abundant
bond sites, active materials can be easily and stably incorporated into HPGs for du-
rable catalysis. Moreover, high surface area and rich porous structures in the HPGs
ensure an improved mass and charge transport and are also prone to provide
more chances for reactants to contact with catalysts. Moreover, all complicated com-
ponents in AWS systems can be efficiently integrated into HPGs to take full advan-
tage of gelation chemistry. In this respect, HPGs exhibit great potential to serve as
ideal candidates for AWS.®

In a typical AWS system, a piece of HPG usually serves as the electrolyte and is sand-
wiched between two electrodes; moreover, suitable catalysts are selected to be
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Table 2. Summary of various cutting-edge AME technology-based HPGs for energy management and freshwater generation

AME technology Desired HPG properties Driving sources Products

Energy management

fuels production?*°7-¢0:83 1. high moisture uptake sunlight, electricity hydrogen, oxygen
2. efficient combination of catalysts
3. high mass and charge transport
thermal dissipation®>/*~/> 1. high moisture uptake waste heat efficiency improvement
2. high heat conduction and IR emission
3. high structural stability
electric generation®*®’ 1. high moisture uptake jon gradient or continuous electricity
2. chemical structure gradient water flow
3

. open mesopores structure and
charged pore surface

hygrochromism®’ 1. high moisture uptake sunlight or electricity energy saving

2. nanoporous structure

Freshwater generation

freshwater collection®?:21-26:38-44,53.71,88

2. easy regeneration
3. fast sorption/desorption kinetics

1. high moisture uptake thermal energy freshwater

modern agriculture irrigation’? 1. high moisture uptake thermal energy agriculture irrigation

2. excellent water retention

incorporated into it for captured water splitting. In this field, Tan's group has devel-
oped a series of seminal works on HPGs-based AWS for the generation of chemical
fuels.””°%%% They have established an integrated AWS apparatus based on various
water splitting systems, including electrolysis,*® photoelectrochemical cell,*%* and
photocatalysis.”” A recent study introduced a hybrid catalyst in which 2D MoS,
nanosheets interfaced with ferroelectric BaTiO3 (BTO) were introduced into a Co-
based HPG to decompose absorbed water for hydrogen and oxygen generation®”
(Figure 7A). As shown in Figure 7B, Co-based HPG can supply plenty of water sour-
ces via moisture sorption for splitting (2.5 g g~ ', 0.0167 g cm 2 for 24 h), and the so-
lar cell can offer an electric bias to drive the catalysis process. Moreover, the MoS2/
BTO catalyst is capable of breaking down absorbed water with an enhanced effect
due to improved transfer of electrons and ions. As a result, this AWS device could
generate ~1.78 mmol of H, and ~0.82 mmol of O, in 10 h powered with a solar
cell, and the corresponding conversion efficiency of current to oxygen is greater
than 90%.

In another work, Tan’s group further developed an artificial photocatalysis system
for AWS.>? In brief, they chose a photocatalyst of Cu,O@BaTiO; as a water
digester and evenly dispersed it into HPGs for photo splitting of absorbed water
(Figure 7C). The photogenerated electron and hole could efficiently migrate to
(100) and (111) planes of Cu,O for water breakdown, driven by the crystal planes’
electric field in the Cu,O and the built-in electric field of BaTiO3. Moreover, hygro-
scopic Co- and Zn-based HPGs were both prepared in this system to act as water
harvest machines for the above artificial photocatalysis system (Figure 7D). As a
result, the Co-based HPG presented a more superb hygroscopic capability and
larger water splitting amounts than those of the Zn one, achieving 450 and
59.6 mg for 24 h, respectively, under 85% RH (Figure 7E). Furthermore, the photo
splitting capacities of resulted AWS devices were also measured under LED irradi-
ation. Eventually, the AWS system with Co-based HPG also showed higher photo-
currents than that of the Zn-based one both in water reduction and oxidation
(Figures 7F and 7G). At this point, the amount of absorbed water from the air
was identified as the key to water splitting, the higher it is the better it will be
for water splitting.
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Figure 7. Examples of HPGs for fuels production
A) Schematic of the Co-based HPG synthesis process.
B

) Schematic of the mechanism of AWS based on a Co-based HPG. Reproduced with permission.?* Copyright 2020, Wiley-VCH.

(
(
(C) Schematic of the AWS process for (100)/(111) Cu,O@BTO hybrid HPGs.

(D) The dehumidification curves of two HPGs hybrids in a sealed environment.

(E) Moisture uptake of two HPGs hybrids at 85% RH for 24 h.

(F) Water reduction at 0 V versus RHE for two HPGs hybrids under LED illumination.
(

G) Water oxidation at 1.23 V versus RHE for two HPGs hybrids under LED illumination. Reproduced with permission.”” Copyright 2019, Wiley-VCH.

Despite the encouraging progress in HPGs-based AWS, more efforts still need to be
devoted to further improving their energy conversion efficiency. Currently, the en-
ergy conversion efficiencies of these AWS systems are still very low, especially
compared with mature aqueous splitting ones, so they need to be further improved.
In this regard, introducing more high-active catalysts into HPGs is a crucial direction
for future research, in which their uniform dispersion in the gel networks should be
also considered. Moreover, the enhanced mass and charge transport through corre-
sponding gel network designs in HPGs can further promote their AWS efficiency.
Furthermore, the quantitative optimization of hygroscopic amounts of HPGs also
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facilitates enhanced AWS performances. In addition, there are challenges in the sep-
aration and storage of gases obtained from AWS that deserve our attention.

Thermal dissipation

As known, thermal dissipation plays an essential role in the efficient and stable work-
ing of electronics. Generally, electronic devices will have a heat accumulation during
their operation, resulting in significant performance degradation, and hence require
cooling equipment to dissipate excessive waste heat.?” Due to its large latent heat
(~2,400 kJ kgq), water desorption has been considered to be a hopeful alternative
for heat removal without extra energy input.”””° Since HPGs can be regenerated
through spontaneous moisture sorption after their inner water evaporates, it is
highly anticipated that they may serve as self-sustained evaporative cooling mate-
rials for the thermal management of electronics. In this regard, the moisture uptake
of HPGs is the most critical factor that decides their cooling performance, in which
more captured moisture by HPGs can facilitate more thermal dissipation through
evaporation. Recently, many impressive works have laid a solid foundation for
further research.??*>7173.759% For example, Pu et al. have demonstrated a poly-
acrylamide (PAAm) hydrogel containing considerable Li* and Br™ ions, which could
efficiently lower the temperature of a working solar cell to improve the correspond-
ing efficiency through evaporative cooling, and was able to capture moisture in the
air to regenerate itself in dormancy’? (Figure 8A). There was a temperature drop of
~13°C when the resulted hydrogel was attached to the photovoltaic (PV) cell under
one sun illumination. Therefore, the solar-to-energy efficiency also increased to
15.5% from 14.5% of the natural cooling one. It is worth noting that the dehydrated
hydrogel could regenerate to its initial state at night without any external energy
input, ensuring its practicality and sustainability. Similarly, this hydrogel was also em-
ployed to cool down a cell phone chip that generates tremendous undesired heat
triggered by high-power consumption (Figure 8B). Compared with natural cooling,
the operation temperature of the chip had a noticeable decline of 15.2°C as the hy-
drogel was applied to its surface (Figure 8C). Moreover, the power of the chip was
correspondingly improved with decreasing operation temperature, which facilitated
supporting the chip to implement more functions, particularly in the coming fifth-
generation mobile network.

Despite the rapid development of evaporative cooling based on HPGs, this remains
a considerable challenge. For example, significant mechanical deformations caused
by excessive water evaporation of HPGs probably cause their interfaces to be unre-
liable and even cool performance degeneration.”*”° Therefore, appropriate strate-
gies should be considered to solve this unstable interface between the thermal sur-
face and HPGs. We recently developed a hygroscopic ionogel (RIG) composed of a
hydrophilic polymeric skeleton and a hygroscopic ionic liquid medium to achieve an
efficient and durable self-sustained evaporative cooling for thermoelectric perfor-
mance enhancement of the TEG* (Figure 8D). Of note, the introduction of rGO
can effectively increase the heat conduction of RIG, which can realize stronger ther-
mal conduction for faster thermal dissipation. Most importantly, the presence of
ionic liquid enabled the RIG to have not only an intensive hygroscopicity but a
considerable adhesive property, leading to a dynamically stable cooling interface
assisted by supramolecular adhesions for durable evaporative cooling (Figure 8E).

Furthermore, HPGs also have been applied to the thermal self-protection of batte-
ries for working safety. Recently, Yang et al. demonstrated using zinc chloride-en-
riched hydrogel electrolytes (Zn-PAAm hydrogel) to achieve efficient thermal self-
protection of zinc-ion batteries.”* As illustrated in Figure 8F, a significant amount
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Figure 8. Examples of HPGs for thermal dissipation

(A) The evaporative cooling for solar cells enabled by a hygroscopic LiBr-contained PAAm hydrogel.

(B) Schematic illustration of evaporative cooling for the phone chip.

(C) The temperature changes of the chip with and without evaporative cooling. The leftinset is the IR image of the chip with evaporative cooling, and the
right one refers to IR images of the chip without evaporative cooling. Reproduced with permission.”* Copyright 2020, Wiley-VCH.

(D) The hygroscopic RIG was applied to cool down the cold side of TEG to enlarge its temperature gap across the whole device for its thermoelectric
performance enhancement through self-sustained evaporative cooling.

(E) The RIG can realize a robust cooling interface owing to its strong adhesions, contributing to a stable and durable evaporative cooling both in static
and moving states. Reproduced with permission.”” Copyright 2021, Wiley-VCH.

(F) The working principle of self-protective zinc-ion batteries with hygroscopic hydrogel electrolytes.

(G) The demonstration of thermal self-protection of the zinc-ion battery. (F and G) Reproduced with permission.”* Copyright 2020, Wiley-VCH.

of water inside a Zn-PAAm hydrogel could evaporate to dissipate heat generated by
fast charging/discharging of batteries, thus relieving the local high temperature.
Meanwhile, the migration of ions in the hydrogel electrolyte would be limited and
eventually wholly interrupted as the number of water ions declines. This inhabited
behavior of electrolyte ions would cut off the working of the batteries to prevent a
fire caused by excessive local temperature. In addition, owing to its hygroscopicity,
the dehydrated electrolyte could regenerate into its initial state through moisture
sorption from the air in the cooling period. As a result, the resulting hydrogel elec-
trolyte performed efficient thermal self-protection for the zinc-ion batteries (Fig-
ure 8G). The battery with the Zn-PAAm hydrogel electrolyte immediately activated
self-protection mode to shut off the capacity output once it was placed in a hot tem-
perature environment. When it cooled down, the battery could recover to its original
state in 3 h. Note that this thermal self-protection strategy was also suitable for PVA,
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a common electrolyte, which demonstrated similar results with the Zn-PAAm
electrolyte.

Notably, the thermal-management properties of HPGs, such as heat conduction and
infrared (IR) emission, can play critical roles during thermal dissipation and should be
also highly considered in follow-up research, which will further promote their cooling
capabilities via extra thermal radiation and thermal convection.

Electric generation

The process of moisture sorption can directly be exploited to induce an electric gen-
eration, that is, moisture-enabled electricity generation (MEG), which originates
from the interactions between water molecules and solid surfaces.”’ Benefiting
from their high hygroscopicity, abundant porous structures, as well as plentiful hy-
drophilic functional groups, HPGs are regarded as one of the emerging materials
for MEG. It is worth noting that there have been two primary mechanisms to explain
MEG, namely, gradient difiusion and streaming current.

Generally, gradient-difiusion MEG is achieved by creating the chemical structure
gradient in HPGs. In this case, the electricity is generated from ion or proton migra-
tion behaviors triggered by reactions between water molecules and hydrophilicity-
gradient surfaces. For instance, Qu’s group has proposed a hygroscopic anion-ion-
gradient polypyrrole aerogel (g-3D-PPy) for vapor-activated electric generation®*
(Figure 9A). The detailed mechanisms of electric generation of g-3D-PPy are shown
schematically in Figure 9B. With the increased concentration of captured water in g-
3D-PPy, the solvation effect will dissociate the Li*-ClO4~ bond to release removable
Li* and confine CIO, ™~ ions with PPy chains. Afterward, a Li* concentration difference
will spontaneously form across the whole device due to an inherent gradient of
ClO4™ in g-3D-PPy, ultimately inducing an output of electricity. Conversely, a reverse
current is also generated owing to recombination between Li* ions and ClO, ™~ after
water desorption.

Beyond ions, proton liberation activities in the HPG induced by interactions between
hydrophilic groups and water are also used to generate electricity. He et al. recently
fabricated a moisture sorption composite hydrogel (TCGP) for MEG by dispersing
tannic acid-CNTs into PVA gel® (Figure 9C). As shown in Figure 9D, the absorbed
water molecules can protonate PVA molecules to set free protons, which will diffuse
to produce a proton concentration gradient for electricity output. As a result, the
voltage generated by TCGP rapidly increases up to 80 mV when exposed to it in a
moist environment for 16 s (Figure 9E).

Similarly, a MEG device consisting of gelatin molecules has been reported by Man-
dal et al., whose power generation is also ascribed to the production and transfer-
ring of protons® (Figure 9F). We can observe that the electric output performances
can be significantly improved using an asymmetric electrode design, in which the
corresponding short circuit current density (Jsc) and open-circuit voltage (Voc) are
7.77 nAcm~2 and 0.71 V at 90% RH, respectively (Figures 9G and 9H).

However, the above MEG devices only provide an instantaneous power generation
owing to the fading of the resulted ions gradient, thus restricting themselves in some
practical applications. The streaming current derives from a water flow along a
charged surface in a solid channel.”? Therefore, a common strategy for streaming
current is to construct an open mesoporous structure and a charged pore surface
in HPGs. Recently, Li et al. have realized a stable streaming potential by exposing

¢? CellPress

Matter 5, 2624-2658, September 7, 2022 2643




¢? CellPress

o Lt © Clo,;

F G Vacuum H =@= RH 40%
- P R S  JRas -0~ RH 50% )
0 @ T 5 s . E 81 - ru 0% s gom
3 u » =0~ RH 70%
r',@\ S "E 69 ~o- RH 80%
S | -o-rH%%
L4
______ N
) 2
Hydronium AE
"’_)t“ Ly Heu 4 o
-2
N d -0.8 -0.6 -0.4 -0.2 0.0
A, -Water - -Gelatin - H bonded water Cu Protein Al V (V)
J K Tiowst Air Flow Or)
" 1204 A~
Condense Evaporate _ gQ
3
Fiad
o
® g % 304
<10nm 4 @ 9 >
i o]
i ccccedcee —tr - -
Frefio o e O 50 5000 10000

Time (min)

Figure 9. Examples of HPGs for electric generation

(A) Photo of 3D PPy hygroscopic aerogel.

(B) The working mechanism of 3D PPy aerogel for MEG. Reproduced with permission.® Copyright
2016, Wiley-VCH.

(C) lllustration of TCGP and its compositions.

(D) The mechanisms of electric generation of the TCGP hydrogel.

(E) The demonstration of the power generation process. Reproduced with permission.®” Copyright
2020, Royal Society of Chemistry.

(F) Schematic design of MEG devices based on hygroscopic gelatin.

(G) Schematic showing the work function difference of asymmetric electrode design.

(H) The I-V curves of the device at different RHs. (F-H) Reproduced with permission from.%
Copyright 2020, American Chemical Society.

(1) Optical and SEM images of freeze-dried TEMPO-CNFs aerogel.

(J) Schematic of the electric generation of TEMPO-CNFs aerogel.

(K) The Vi changes while switching moist airflow on (gray) and off (white). Reproduced with
permission.”” Copyright 2019, Wiley-VCH.

biological hygroscopic TEMPO-cellulose nanofibrils (TEMPO-CNFs) aerogels in the
moist airflow®’ (Figure 91). The TEMPO-CNF aerogel could easily take up water mol-
ecules in the humid air flow owing to sufficient hydrophilic groups on their surface,
liquefy them in their mesopores by capillary condensation, and eventually form
them into water streams driven by water evaporation. This water flow on the charged
surface of the TEMPO-CNFs would induce an electronic double layer and produce a
streaming potential (Figure 9J). Accordingly, the TEMPO-CNFs could trap moisture
when exposed to a humid airflow, and produce considerable electric output at RHs
varying from 55% to 99%. Note that the corresponding voltage of TEMPO-CNFs
would drop down to zero as the airflow cut off, and could return to the equilibrium
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Figure 10. Examples of HPGs for hygrochromism

(A) Simulated structure of the MSG with Zn:O ratios of 1: 1.1.

(B) Optical images of the MSG in hydrated (H) state (top) and dehydrated (DH) state (below).

(C) Optical transmittance of the MSG in H and DH states.

(D) Optical transmittance of the MSG between H and DH states in a cyclic experiment.

(E) Schematic of a hygrochromic window based on optical transmittance changes of the MSG
triggered by humidity. Reproduced with permission.”” Copyright 2018, Royal Society of Chemistry.

value in ~20 min when the airflow was turned on again and remained stable for up to
10,000 min (Figure 9K).

Hygrochromisms

Moisture can stimulate optical property changes of polymer gels, which has been
extended to the applications of smart windows for energy savings in buildings. For
example, Nandakumar et al. creatively reported a moisture-scavenging gel (MSG)
with nanoporous structures that can achieve switching of optical property under stimu-
lation of moisture”” (Figures 10A and 10B). A liquid-air interface would be created in the
porous structures of MSG after moisture sorption, which enhances the scattering of inci-
dent lights, resulting in a drastic drop in light transmission both in visible and IR light re-
gions (Figure 10C). Moreover, the transmittance of MSG returned to 100% when water
was completely desorbed, and the above processes were reversible without any decline
in 125 cycles (Figure 10D). As a proof-of-concept, this MSG was coated on the window to
regulate indoor humidity and temperature (Figure 10E). The hygroscopicity of MSG
could enable indoor humidity below the triggering boundary of discomforts, and its opa-
que states after moisture sorption would also hinder sunlight and prevent the indoor
temperature from rising. Such an MSG with unique moisture-responsive chromatic
and humidity regulation properties is energy friendly and promising to significantly
reduce the energy consumption of buildings in the future.

Freshwater generation

Freshwater shortage is still one of the most rigorous challenges in this era, and ur-
gently remains to be solved.”” " In past decades, great efforts have been made
to convert seawater or wastewater into freshwater by various freshwater production
technologies, such as filtration,”*77 00
107192 and solar-driven purification.”*'%*7'%? These well-established methods,
however, are only applicable in coastal cities with accessible water sources, but

reverse osmosis,’ membrane distilla-

tion,

¢? CellPress

Matter 5, 2624-2658, September 7, 2022 2645




¢? CellPress

require hard work in inland areas where liquid water is physically scarce. Owing to its
ubiquitous features, a combined strategy of the sorption-based AWH strategy and
subsequent extraction of water from the sorbents provides an alternative solution
for freshwater generation in some remote inland and off-grid areas, demonstrating
great promise in freshwater collection and agricultural irrigation.'?'*16-17:48

Freshwater collection

From the perspective of sustainability, a desirable AWH system requires a minimal
energy input for freshwater production. In this sense, solar-driven evaporation and
thermo-responsive phase separation are two suitable strategies for HPGs to realize
energy-efficient water release after moisture sorption.

Solar-driven atmospheric moisture collection. Recently, solar-driven evaporation
has become a promising alternative to drive water extraction from sorbents to harvest
freshwater.®”””* In this sense, HPGs are desirable material platforms for solar-driven at-
mospheric moisture collection (SAMC) due to their easy integrations with photothermal
components, highly tuneable properties, and large-scalable fabrication. In this section,
we look into impressive progress in freshwater collection by SAMC based on HPGs.

A typical SAMC device is illustrated in Figure 11A, where the freshwater collection
for hydrated HPGs is mainly composed of three processes: evaporation, condensa-
tion, and collection. To explain this process, a psychrometric chart was selected to
describe the working cycle of water evaporation and condensation in the SAMC de-
vice*® (Figure 11B). Specifically, the captured water molecules by HPGs can be firstly
evaporated under solarirradiation in a sealed device, and thus the partial pressure in
the devices simultaneously increases to saturation. After exchanging heat with the
cold device wall, the water vapor condenses and liquefies into water droplets, slips
down along the wall owing to gravity, and is eventually collected. Apparently, the
final freshwater yield in such a system based on HPGs is determined by the following
crucial factors: (1) desorption rates of HPGs; (2) condensation conditions; and (3) cy-
clic times of the sorption-desorption process in the required time (Figure 11C).

The water evaporation (i.e., desorption) of hydrated HPGs is the most essential issue
in the SAMC for freshwater collection, heavily depending on their material designs;
therefore, here we discuss it. More specifically, factors influencing the water evapo-
ration of hydrated HPGs mainly include solar absorption, desorption area, and evap-
oration enthalpy of captured water. As discussed above, since the water evaporation
in the SAMC is powered by thermal energy converted from solar energy, the high
solar absorption of HPGs is actively needed for achieving desirable freshwater
extraction. To date, various state-of-the-art solar absorbers, including plasmonic
particles,’'® e
into HPGs to provide them with a considerable photothermal performance. Among

carbon nanomaterials,''" and conjugated polymers,''? were combined
these solar absorbers, carbon nanomaterials, such as CNTs and rGOs, are the most
available photothermal candidates in HPGs owing to their low cost, large scalability,
easy integrability, and excellent stability.>'**’" Typically, these carbon nanomate-
rials are incorporated into HPGs through in situ gelation of a mixed pre-solution,
and thus their hydrophilicity is key to uniform dispersion®’ (Figure 11D). In addition,
the construction of the interpenetrating network of conjugated PPy during the poly-
merization of HPGs was recently reported to realize high solar absorption®?**’?
(Figure 11E). Other photothermal materials, such as plasmonic metal nanoparticles
and semiconductors, also can be evenly embedded into HPGs to achieve efficient
photo-to-thermal conversions; however, there are still challenges in the practical im-
plantation in terms of cost, stability, toxicity, and fabrication.
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Figure 11. Solar-driven atmospheric moisture collection of HPGs
(A) Schematic of a typical SAMC device.
(B) Psychrometric chart between —20°C and 60°C, demonstrating the processes of water
evaporation and condensation in the SAMC device. Reproduced with permission.*®
(C) The factors affecting the freshwater yield of HPGs.
(D) Schematic of the G-PDDA fabrication process, where rGOs acted as photothermal materials.
Reproduced with permission.®’ Copyright 2020, Elsevier.
(E) The photothermal PPy-Cl was interpenetrated with the poly-NIPAM networks for solar-to-
thermal conversion. Reproduced with permission.*” Copyright 2019, Wiley-VCH.
(F) Schematic of moisture transport pathways from the air to the HPGs.
(G) The mass transfer resistance analysis for moisture.
(H) Desorption for HPGs with different absorption times as temperature increased. Reproduced
with permission.®” Copyright 2019, Wiley-VCH.
(1) Schematic (left) and optical image (right) of the moisture harvester based on PGFs for multicyclic
moisture sorption and desorption.

(J) The predicted water yield per day by PGFs via an alternative sorption-desorption cycle.
Reproduced with permission.” Copyright 2020, Wiley-VCH.

Apart from photothermal properties, the desorption area of HPGs is another crucial
factor determining their water evaporation. In general, an enlarger desorption area
realized by a porous structure or 3D structures in HPGs can contribute to promoting
their water evaporation kinetics.>*>"? In addition, Xu et al. have proposed a mass
transport resistance analysis for moisture transport in HPGs (Figures 11F and 11G),
which demonstrated that the vertically aligned and hierarchical pores can further
allow HPGs to improve desorption kinetics.*’

Moreover, the evaporation enthalpy of captured moisture also plays an important
role in thermal desorption. For adsorption-typed HPGs, most of their captured water
is in the form of bound water, and thus weaker bond energy between the HPG sur-
face and water molecules can achieve a lower evaporation enthalpy. In this regard,
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physisorption of moisture has a lower evaporation enthalpy than that of chemisorp-
tion.'**?*” Based on this, Nandakumar et al. proposed a nanoporous hydrogel that
could achieve a moisture concentration with the participation of physisorption, and
thus demonstrated a low desorption temperature and rapid water desorption.*” As a
result, such a nanoporous hydrogel could desorb more than 98% of captured water
within 13 min at below 55°C (Figure 11H). In addition, there is an obvious swelling for
most HPGs after moisture absorption, in which the absorbed water can exist in many
forms, such as free water, intermediate water, and bound water, owing to the regu-
lation of polymer chains."'? Specifically, the intermediate water is easier to release
due to its lower enthalpy value, while the desorption of bound water highly depends
on its bond energy with polymer chains. Therefore, it seems an available way to
adjust the ratio of intermediate and bound water in hydrated HPGs to regulate their
evaporation enthalpy in future research.

In addition to water evaporation of HPGs, an enhanced condensation is usually de-
signed in SAMC for a higher freshwater yield. However, the condensation design is
usually achieved by the integrated system design, such as thermal and photo man-
agement, for an enhanced vapor condensation to improve the desorption kinetics of
HPGs. This strategy has become a general approach applicable to HPGs in practical
applications. In this review, we mainly focus on the relationship between the intrinsic
properties of HPGs and final freshwater generation, and thus this system-level
condensation design will not be further discussed here. Very recently, Yang et al.
and Ejeian and Wang have both presented comprehensive reviews on this important
system-design strategy in SAMC for improved freshwater genration.'®

Last, but not least, cyclic times of the sorption-desorption process in 1 day also affect
the practical daily freshwater yield. Unlike traditional monocyclic ones, multicyclic
atmospheric water harvesters based on HPGs have been developed for a higher
freshwater production, which requires HPGs to have fast sorption and desorption ki-
netics.’*>" As a proof-of-concept, Yao et al. demonstrated a multicyclic harvester
using hygroscopic PGF with rapid sorption and desorption rates, in which PGF can
achieve a rapid alternation between moisture sorption and desorption®’ (Figure 111).
According to theoretical predictions, the maximum freshwater yield of PGF would be
over 31.2 Lkg™" day™" experiencing cycles with 6-min moisture sorption, 5-min wa-
ter desorption, and 2 min of cooling time (Figure 11J). In the outdoor experiment for
24 h, a considerable freshwater generation of 17.4 g g~' was achieved for PGF
through a long cycle of 15 h sorption per desorption and 16 cycles of 25 min sorption
per 5 min desorption, which was more than that of conventional monocyclic way.

Thermo-responsive atmospheric moisture collection. The thermo-responsive at-
mospheric moisture collection (TAMC) is achieved via the integration of thermo-
responsive phase-transition polymers in HPGs. The unique thermos-responsive
behavior of polymers, such as poly(N-isopropyl acrylamide) (PNIPAM), can allow
them to undergo a huge volume change when their temperature slightly changes,
allowing the separation of trapped moisture for freshwater collection just upon

low-temperature heating.*4%#°

As shown in Figure 12A, once the temperature exceeds their critical solution temper-
ature (LCST) of 32°C, the PNIPAM-based HPGs can rapidly change their hydrophilic/
hydrophobic property and cause a drastic volumetric shrinkage to squeeze out most
of the inner water. With this, Matsumoto et al. demonstrated a TAMC application of
an interpenetrating polymer network (IPN) gel composed of a thermo-responsive
PNIPAM polymer and hydrophilic sodium alginate networks®® (Figure 12B). The

2648 Matter 5, 2624-2658, September 7, 2022

Matter



Matter

A Water (liquid)
N

 © .
\ T<32

Vaporization ) @, be | ‘
E g s, o —
Hydrophilic Swelling \

Moisture (gas)

T,=100°C LSCT=32°C
(under|1 atm)
TN </ \> v
Condensation & ) E ™
T<100 °C =/
Water (liquid) Hydrophobic
Shrinking
B i Moisture (gas-water) Liquid-water

PNIPAAnV/Alg IPN gel Moisture absorption Water oozing

~— PNIPAAM(25°C) @ Ca*"
~~—~ PNIPAAM(50 °C) @ MBAA
e Alg 4% Water molecule

Figure 12. Thermo-responsive atmospheric moisture collection of HPGs

(A) The working principle of thermo-responsive phase-transition polymer gel.

(B) The moisture sorption and water oozing behaviors of IPN gel are triggered by temperature
changes.

IPN gel could capture gaseous water from the air below its LCST and effectively
release it in the form of liquid water when the temperature increases to 50°C. There-
fore, the above concept of water collection realized by phase transition of polymer
can provide an effective pathway to release the captured water of HPGs at low en-
ergy consumption.

Furthermore, Yu's groups developed a photothermal hygroscopic thermo-respon-
sive HPG (SMAG) fabricated by interpenetrating PPy-Cl into a poly-NIPAM hydrogel,
which can directly convert the solar energy into thermal energy to drive the thermo-
responsive phase transition of poly-NIPAM.“? As shown in Figure 13A, the SMAG has
two modes of water desorption; that is, thermal-responsive shrink deswelling (ex-
press mode) and photothermal evaporation (normal mode). Therefore, SMAGs
with different hydration contents both exhibited fast water release via express
mode under solar irradiation (Figure 13B). Moreover, the residual water of SMAGs
after rapid water extrusions can be also harvested through a traditional evapora-
tion-condensation process (Figure 13C).

In another report, Yilmaz et al. proposed a novel HPGs (PC-MOF) composed of MIL-
101(Cr), CaCl,, and PNIPAM polymer gel with an autonomous water seeping prop-
erty for atmospheric water collection.”> Owing to steric pressure and restricted
expansion of PC-MOF, the adsorbed water would condense and seep out after sorp-
tion saturates (Figure 13D). Importantly, moisture sorption and water seepage can
happen simultaneously for water harvest without common evaporators/condensers
(Figure 13E). In addition, the PC-MOF with a cone array geometry was fabricated to
speed up removal of condensed water droplets in practical applications (Figure 13F).
As a result, the resulting device demonstrated a considerable water uptake of 6.04 g
g~ through seepage at 90% RH where solar radiation is scarce.
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Figure 13. Sustainable atmospheric moisture collection based on thermo-responsive HPGs

(A) Schematic of water release of SMAGs under solar illumination.

(B) The water releasing curves of SMAGs with high water uptake.

(C) The water releasing curves of SMAGs with low water uptake. Reproduced with permission.*?
Copyright 2019, Wiley-VCH.

(D) Schematic of the autonomous atmospheric water harvest based on PC-MOF.

(E) Optical image of atmospheric water harvest based on PC-MOF.

(F) The PC-MOF cone array for atmospheric water collection. Reproduced with permission.*?
Copyright 2020, AAAS.

Agriculture irrigation

The sustainable development of agriculture can ensure food security in the situation
with explosive growth of the global population.”'*""® However, a huge demand for
freshwater for agriculture irrigation casts a shadow on the sustainability of food. It is
estimated that agriculture irrigation has accounted for more than 95% of total fresh-
water withdrawals in some developing countries.** As such, modern agriculture ur-
gently needs to explore new technologies and renewable freshwater resources to
meet the globally growing demand for food. As a huge and ubiquitous freshwater
source, atmospheric moisture has a great promise for sustainably realizing agricul-
ture irrigation.

Zhou et al. ’# have developed a conceptual atmospheric moisture irrigation system
based on a hybrid hygroscopic material (SMAG-soil) composed of SMAG and soil.
The SMAG-soil demonstrated working schematics of passive irrigation for plants
and solar-driven environmental humidification in a sustainable way (Figure 14A).
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Figure 14. Examples of HPGs for agricultural irrigation

(A) The working schematic of SAMG-soil.

(B) The moisture uptake from the air at 90% RH and 20°C.

(C) The water-holding capability at 40% RH and 40°C.

(D) Optical image of outdoor atmospheric water irrigation.

(E) The survival rate of plants. Reproduced with permission.” Copyright 2020, American Chemical
Society.

Significantly, the SAMG-soil demonstrated two orders higher moisture uptake than
that of sandy soil, reaching up to 1.1 g g~ (Figure 14B). Moreover, the SAMG-soil
also presented a superb water-holding capacity. As shown in Figure 14C, the water
content of sandy soil had a quick decrease of 80% within a week, but that of SAMG-
soil could still maintain more than 40% after 4 weeks. Therefore, the SAMG-soil, with
considerable moisture sorption property and water-holding ability, showed a prom-
ise for crop planting in environments without liquid water resources (Figure 14D). As
aresult, crops in the SAMG-soil demonstrated higher germination and survival rates
than those in sandy soil (Figure 14E), indicating a great potential for sustainable agri-
culture in desertified regions.

More importantly, owing to their non-toxic, biodegradable, water-retaining charac-
teristics, HPGs show promising potential to become preferable substrate materials
to further replace common soils for plant growing in the future.

Synergistic water-energy generators

At present, tremendous progress has been made in energy management and fresh-
water generation from moisture in the air. However, existing AME technologies are
usually adopted separately and independently, which inevitably causes high costs
and a huge waste. Allowing two or more functional units in an integrated system
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Figure 15. Examples of HPGs for synergistic water-energy generators

(A) Schematic of the simultaneous generation of electricity and freshwater by G-PDDA. Repro-
duced with permission.”’ Copyright 2020, Elsevier.

(B) Evaporative cooling for PV panels and freshwater collection. Reproduced with permission.”’
Copyright 2020, Springer Nature.

to simultaneously achieve energy management and freshwater generation in a
mutually beneficial way has a great prospect for sustainable develop-
ment.*"71 1177120 More importantly, this field not only requires further development
of HPGs to meet the desire for multifunctionality but needs further system-level
design and optimization."?" Therefore, more attention should be invested into in-
ter-disciplinary research and close collaboration in different fields, such as material
science, applied thermal engineering, and system engineering, to achieve more
high-efficient synergistic generation.

In this regard, by combining hygroscopic photothermal HPGs with a thermoelectric
module, Yang et al. have demonstrated a united water-electricity generation sys-
tem®' (Figure 15A). In this process, the heat generated by moisture absorption
and solar absorption of HPGs caused the thermoelectric module to have an electric
output, as well as freshwater being produced by HPGs through sorption and photo-
thermal desorption.

In addition, Li et al. recently applied HPGs on a commercial PV panel to realize
simultaneous evaporative cooling and freshwater collection’' (Figure 15B). When
HPGs were attached to the PV panel, the corresponding photo-to-electric effi-
ciency of the PV panel significantly improved owing to its temperature lowering
triggered by evaporative cooling of HPGs. Moreover, the water evaporated from
HPGs could be effectively collected when the condensation chamber was em-
ployed. Notably, the dehydrated HPGs could easily regenerate to a hydrated state
in the humid environment for the next operation, thus demonstrating a self-sus-
taining property.
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CONCLUSION AND PERSPECTIVE

Atmospheric moisture is a huge and ubiquitous water source but rarely noticed,
which can provide a water supply without any geographical or/and hydrologic re-
strictions. Notably, HPGs outperformed many other sorption materials with unique
advantages in AME technologies for energy management and freshwater genera-
tion. In this review, we discuss in detail most of the state-of-the-art progress of
HPGs in moisture sorption mechanisms, material design and fabrication, and
wide-ranging energy- and water-related AME applications.

Combined with the rational design of inherent physical/chemical structures or mix-
ing hygroscopic components with polymeric networks, various well-designed HPGs
have been developed. Furthermore, the easy integration of functional additives and
the highly tuneable structures allow HPGs to further reutilize captured water for en-
ergy management and freshwater generation. Therefore, such an appealing HPGs-
based system is regarded as one of the emerging material platforms for AME and
demonstrates great promises in much cutting-edge energy- and water-related tech-
nologies (e.g., fuels production, thermal management, electric generation, hygro-
chromism, and freshwater collection, as well as agricultural irrigation).

Despite tremendous encouraging advances achieved in HPGs, there remain several
challenges. For example, the limited amount of moisture sorption of HPGs restricts
them from reaching maximum performance in following AME technologies. There-
fore, it is highly desirable for HPGs to further improve their hygroscopic abilities,
particularly in low RH regions. In this regard, according to the hygroscopic mecha-
nism, strengthening their intrinsic affinity to water molecules and improving their wa-
ter storage capability are two effective approaches to develop high-performance
HPGs in the future. First, the introduction of more high-water-affinity species, such
as inorganic ions (Li*, Ca®*, CI~, Ac™, etc.) and MOFs, into HPGs can significantly
enhance their interactions with water molecules for higher hygroscopic perfor-
mances in low RHs. Furthermore, the optimization of the swelling property of
HPGs through molecular designs will significantly improve the water storage capa-
bility of HPGs, thus further promoting their moisture sorption. In addition, relatively
low sorption/desorption kinetics also result in a low moisture uptake for HPGs on
time-limited occasions. Approaches to increasing their specific surfaces via creating
porous structures or 3D structures can effectively promote their kinetics for HPGs,
which can derive from the enlargement of the air-solid interface. Moreover, espe-
cially for HPGs, the size of tested samples greatly influences their hygroscopic per-
formance owing to their geometric macroscopic bulk. Therefore, a well-established
characterization standard for evaluating the hygroscopic performances of HPGs
should be proposed to identify their applicable applications and provide a reference
for their further development. From the perspective of practical usage, an applica-
tion-oriented evaluation system seems like a good method at this stage.

In terms of long-time operations, it is of great significance to improve the durability
of HPGs. Remarkably, when exposed to polluted environments, the HPGs were usu-
ally designed to have a high affinity to gaseous impurities (SO,, NO,, CO,, sus-
pended particles, etc.) and further adsorbed them inside the polymer networks to
get high-quality freshwater. However, the introduction of impurities onto sorption
sites of HPGs may lead to a failure in moisture sorption. As such, concerns about
removing or degradation of these pollutants for HPGs need to be considered to
achieve their repeatability. Besides, structural changes that occur in the porous
HPGs after sorption-desorption cycles also cannot be ignored, especially for organic
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ones. Although their interconnected porous structure can be achieved through
freeze drying, shrinkage or even collapse may happen in the incipient cycles of
swelling and deswelling due to the capillary effect of these organic porous HPGs,
which would result in declined hygroscopic performances in follow-up moisture
sorption. In this regard, more research efforts should be invested to achieve the
structural stability of porous gels to avoid these issues in their practical
implementation.

Furthermore, the cost and production of HPGs are two basic aspects to be consid-
ered before they are brought into the market for mass application. Current material
species for HPGs in AME technologies are relatively expensive and use unrenewable
raw materials, which may increase the cost of energy and freshwater production, thus
losing their competitive advantages with other technologies. Therefore, more low-
cost and natural material systems should be developed to achieve HPGs with desir-
able cost and gain more appeal in the future. Moreover, the current reported tech-
nology of HPGs fabrication is primarily based on mold casting, which is considered
to be conceptual, time consuming, and difficult to amplify for practical applications.
In this regard, the emerging 3D printing and computational modeling technologies
are expected to bring new insight into the mass production of HPGs.

In the AME process, if the water captured by HPGs cannot be fully utilized within the
effective time, it will not only lead to limited product yield but result in incomplete
regeneration of HPGs. Therefore, the full consumption of absorbed water of HPGs
through materials and device optimization should be taken into consideration.
Furthermore, exploring novel multifunctional HPGs for simultaneous energy and/
or water multi-harvesting is also appealing in the AME. In this sense, although a
few paradigms have appeared, an extensible combination of various existing en-
ergy- and water-related technologies are expected to achieve a mutually beneficial
manner for HPGs in one sorption-desorption cycle through their rational designs.
Moreover, rational system integration also significantly influences their practical
application and remains very challenging. In other words, only current HPG materials
integrated into advanced systems can realize their full potential to accelerate their
marketization, so their further development requires inter-disciplinary research
and close cooperation in different fields.

In the future, we believe that ideal HPGs for the AME should satisfy the following criteria:
fast moisture sorption kinetics, high moisture ESC, easy regeneration, high durability,
multiple integrated functions, low cost, and high commercial viability.
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