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ABSTRACT

To deal with global water shortage, water vapor in the air is regarded as a freshwater source that cannot
be ignored, especially in water-scarce regions. Adsorption-based atmospheric water harvesting (AAWH)
is a promising option that utilizes the interaction between the internal structure of the adsorbent mate-
rial and water molecules to accumulate water. Novel water harvesting adsorbents such as zeolites,
metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and hydrogen-bonded organic
frameworks (HOFs) have given new perspectives to fundamentally improve the effectiveness of
AAWH, benefiting from their steep S-shaped isotherms. Based on the selection criteria derived from
the principle of AAWH, 5 zeolites, 20 MOFs, 6 COFs, and one HOF are identified as potential candidates.
From the analysis of the water adsorption mechanisms of these four types of materials and summarizing
the latest progress in AAWH devices, the next-generation AAWH technology should focus on the scale-up
of well-designed adsorbent components and their integration into efficient system devices to promote
the practical application of AAWH.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and

Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Life is inseparable from water, but many areas face severe fresh-
water shortages. To address this pressing problem, water harvest-
ing and purification technologies have been extensively developed.
Among them, atmospheric water harvesting (AWH) stands out as a
promising technology with significant recent progress [1]. Tech-
nologies like fog and dew collection are not suitable for use in arid
regions (relative humidity (RH) less than 30%) because of the high
energy consumption needed for condensation under low relative
humidity [1-3]. Adsorption-based atmospheric water harvesting
(AAWH) is an energy-efficient method that leverages the interac-
tion between the internal structure of the adsorbent and water
molecules to accumulate water. Benefiting from the rapid develop-
ment of adsorbents and devices, AAWH has been demonstrated to
be capable of harvesting water in extremely arid regions [4-7].

The working principle of AAWH (Fig. 1(a)) is summarized as fol-
lows: The hydrophilic adsorbent adsorbs water molecules from the
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air into its internal structure to effectively accumulate moisture.
Then, using humidity or heat gradients as a driving force, the cap-
tured water is released from the adsorbent as rich vapor, which is
then condensed into liquid water and collected [3,8,9]. This water
harvesting process relies on the ability of the adsorbents to capture
and release water vapor through the cyclic adsorption-desorption
[10]. Thus, an ideal adsorbent for AAWH should meet the following
six criteria [9,11]: D hydrothermal stability under liquid water and
vapor conditions; @ isotherm with a steep uptake at the required
relative pressure; Q) reversible water uptake/release at the steep
step of isotherm; @ desorption without hysteresis; & high and
constant water capacity during adsorption-desorption cycling;
® efficient adsorption-desorption with fast heat and mass trans-
port kinetics. Consequently, there are high expectations for the
interaction between the adsorbent material and water molecules.
The adsorbent needs to have an affinity or strong interaction with
water molecules to operate effectively at low relative humidity. In
the meantime, the adsorbent-water interaction should be easily
interrupted by humidity or heat gradients to release water
[12-14]. This interaction is mainly regulated by geometric config-
uration, pore size, hydrophilicity, and polarity within the
adsorbent.
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Fig. 1. (a) The working principle of AAWH. Reproduced from Ref. [3] with permission. (b) A characteristic example of stepwise water adsorption (solid line) and desorption
(dashed line) isotherms and a scheme of the desired water adsorption-desorption cycle during pressure or temperature swing with the regular ordering of water molecules in
an ideal straight pore channel. p represents partial pressure of water vapor. po represents saturated pressure of water vapor. p/po represents relative water vapor pressure.

Precise structural design of adsorbent materials and rational
tuning of adsorbent-water interactions are of importance to
achieve high water-related performance in both kinetic and ther-
modynamic properties. In addition to a reasonable distribution of
hydrophilic sites [15-18], materials with regular pores also con-
tribute to the formation of unique step-like S-shaped (type V)
[19] isotherms [9,11]. Additionally, the regular ordering of
adsorbed water molecules, driven by pore size and geometry,
results in a nanocrystalline structure [16,20], facilitating the water
uptake and release similar to a phase change process [9]. By estab-
lishing clear structure-function principles, the simultaneous opti-
mization of thermodynamic and kinetic characteristics of water
adsorption and desorption will become a reality, which will
improve the utility of adsorbents for AAWH.

A variety of adsorbents have been developed for AAWH. Zeo-
lites, metal-organic frameworks (MOFs), covalent organic frame-
works (COFs), and hydrogen-bonded organic frameworks (HOFs),
which are crystalline porous materials with ordered and des-
ignable structures and adjustable pore environments, followed by
S-shaped isotherms (Fig. 1(b)), have received widespread atten-
tion. This review in Engineering further builds on our previous
reviews of MOF-based water adsorption with a focus on arid atmo-
spheric (below 30% RH) water harvesting [9,11], and extends
recent literature focusing on the potential of zeolites, MOFs, COFs,
and HOFs materials for water harvesting applications. In addition
to the highly anticipated MOFs and COFs, which are gaining more
new members and a wide range of design strategies, we also
emphasize the potential of novel zeolites and HOFs for water
adsorption. This paper bridges the innovations in four types of por-
ous materials to device realization from both material and engi-
neering aspects, and also concludes with outlooks on next-
generation materials and devices to facilitate practical applications
of AAWH.

2. Material aspects
2.1. Zeolites

Zeolites are a category of inorganic porous materials considered
suitable for water adsorption applications. With their advantages
of low cost and commercial preparation, they are among the earli-
est porous materials employed in AAWH [21]. As a kind of alumina
silicate crystal, the aluminosilicate structure of the zeolite can
adsorb water molecules easily. Although zeolites suffer from the
drawbacks of low adsorption capacity, high regeneration tempera-

ture, and poor thermal conductivity, different grades of zeolites
that feature promising properties for AAWH have been introduced
[22].

Owing to the presence of [SiO4]*~ and [AlO4]°~ tetrahedra and
counterions in the framework, zeolites have a strong adsorption
capacity for water molecules and are often used as desiccants
[21]. Taking Zeolite Y as an example, due to the strong hydrophilic-
ity of high Al-content zeolites, it features a steep uptake at an
extremely low RH. It is recognized that aluminosilicate zeolites,
especially those exhibiting a steep uptake at extremely low relative
pressure (type I isotherms), typically require excessively high
regeneration temperatures. Although the regeneration tempera-
ture can be lowered by adjusting the Si/Al ratio [23], the adsorption
performance of zeolite will be compromised to a certain extent due
to the lower hydrophilicity caused by the lower aluminum content
[24]. Therefore, this commonly reported drawback has limited the
AAWH application of such zeolites. Fortunately, there is a certain
degree of correlation between structural properties of zeolites
and their water capacities. The relationship between parameters
like framework structure and fractal dimension can serve as an
indicator for achieving zeolites with higher water capacity [25].
Analogue zeolite-like materials with varying chemical composi-
tions can be prepared for certain frameworks, potentially offering
greater capacity than existing zeolites with the same structure.
Even with a limited capacity increase (up to 0.4 g-g~', as shown
in Fig. 2(a)), materials with a desirable isotherm shape can still
be applied for water harvesting applications.

Several zeolite-like microporous materials, such as alu-
minophosphates (AlIPOs), which feature type V isotherms, might
act as effective candidates for AAWH. AIPOs are mainly found as
pure AIPOs, ferroaluminophosphates (FAPOs), and silicoalu-
minophosphates (SAPOs) [26], and most of them feature similar
structures to aluminosilicate zeolites. The neutron scattering
results indicate that, during the initial adsorption stage, water
molecules first occupy the pore walls, subsequently filling the cen-
tral pore area. The confinement within these channels intensifies
water intermolecular interactions, resulting in the formation of
ordered hydrogen-bonded water chains [27,28].

Unsubstituted AIPOs: Cage-based AIPO frameworks with neu-
tral frameworks and pore openings exhibit comparable water
adsorption capabilities to conventional MOF-303, and regeneration
temperatures are below 100 °C [26,29]. EMM-8 (ExxonMobil Mate-
rial #8) with sodalite framework (SFO topology) features 0.7 nm
diameter 12-ring channels, and exhibits a steep step-like uptake
at p/po = 0.15 (Fig. 2(a)), a water capacity of 0.39 g-g~!, and a low
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Fig. 2. (a) Water adsorption (solid symbols) and desorption (open symbols) isotherms of the selected zeolites and HOFs in Table 1. (b) Water adsorption and desorption
isotherms of the top nine MOFs with high capacity selected in Table 1. (c) Water adsorption and desorption isotherms of the selected COFs in Table 1. (d) Collected data of
zeolites’, MOFs’, COFs’ and HOFs’ inflection points at the water adsorption step VS water capacities in Table 1. (e) Comparison of the chemical composition, adsorption site
properties, initial adsorption characteristics and cycling durability of the zeolite, MOFs, COFs, and HOFs.

regeneration temperature of 65 °C. AIPO-Tric has a similar iso-
therm to EMM-8, but features a higher regeneration temperature
of 95 °C [30]. AIPO-42 (AIPO4-LTA), with Linde Type A (LTA) topol-
ogy [31], shows a steep water uptake at p/po = 0.13 and features the
highest water capacity (0.42 g-g~') beyond other unsubstituted
AlIPOs (Fig. 2(a)) [26]. AIPO-42 exhibits moderate adsorption
enthalpy and a lower regeneration temperature of 60 °C, thus mak-
ing it suitable for atmospheric water harvesting [32]. DNL-11 (DNL
represents Dalian National Laboratory for Clean Energy, China)
with one dimensional (1D) 16-ring channels features a steep
uptake at an extremely low relative humidity of p/po = 0.05
(Fig. 2(a)), and most of the adsorbed water can be released via
purging with nitrogen at room temperature and ambient pressure,
which makes it possible to harvest water in arid areas [29].

SAPOs: Silicon-substituted AIPOs appear to be promising
adsorbents in arid environments [5,26]. SAPO-34 with LTA struc-
ture, also referred to as FAM-Z02 (FAM-Z represents functional
adsorbent material zeolite) or AQSOA-Z02 (AQSOA is a trade-
mark of Mitsubishi Plastics, INC.), features good water adsorp-
tion performance. Randomly dispersed Si** atoms would
replace P>, resulting in extremely acidic Si-OH-Al bridges,
which are regarded as water-binding sites and trigger rapid
adsorption but also a high adsorption heat [30]. The systematic
desorption kinetics study by Hanikel et al. [5] showed that
SAPO-34 exhibited inferior desorption kinetics compared to
MOF-303(Al) and Al-fumarate, and it can only be completely
dehydrated by heating to above 100 °C under test conditions.
Therefore, hydrophilic SAPOs may not be suitable for
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atmospheric water harvesting devices that pursue energy uti-
lization efficiency.

FAPOs: Although the water capacity of iron-substituted AlPOs is
lower than that of SAPOs [26], its suitable regeneration tempera-
ture enables its application in practical water harvesting devices
(vide infra). FAPO-5, commercially known as FAM-Z01 or AQSOA-
Z01, features an AFI type structure in which Al and/or P atoms
are partly replaced by Fe heteroatoms [26]. AQSOA-Z01 possesses
a type V isotherm with a steep uptake at p/po = 0.19. Although
AQSOA-Z01 has a low water capacity of 0.2 g-g~! (Fig. 2(a)), its pri-
mary advantage is that it can be regenerated at 50-85 °C [33].
FAPO-34 (FAM-Z05 or AQSOA-Z05), without iron substitution,
has the same structure as FAPO-5 and exhibits a similar isotherm,
but with a higher inflection point at p/py = 0.30 (Fig. 2(a)). This
inflection point represents the relative pressure at 50% of maxi-
mum capacity.

The properties of the pores in AIPOs provide a framework with
highly tunable characteristics. Functionalization using metal sub-
stitution involves the insertion of heteroatoms into the framework
of AlIPOs, either through impregnation, ion exchange, or isomor-
phous replacement, to alter their hydrophilicity and structural
arrangement. The main advantages of AIPOs (Table 1) are their
adsorption affinity at low relative humidity (below 20% RH) and
S-shaped isotherms, which are suitable for AAWH applications.

2.2. MOFs

With scholars’ in-depth understanding of the hydrolysis mech-
anism of MOFs [12,34], a variety of water-stable MOFs have been
born [11], which expands their application scope. Benefiting from
their water stability, chemical tunability, crystallinity, and high
porosity, MOFs are considered suitable adsorbents for AAWH with
reversible binding of water [35]. Through reasonable reticular
design [36], an increasing amount of MOFs show attractive water
adsorption characteristics and can be utilized as adsorbents for
water harvesting from arid air [5]. Based on the six criteria men-
tioned previously, favorable candidates for AAWH are selected
from numerous MOFs (Table 1). Based on the differences in design
strategies, these MOFs can be primarily divided into the following
types, and their structural characteristics and water sorption prop-
erties are summarized as follows.

Direct Synthesis of MOFs with step-shaped isotherm: Al-
fumarate [37] has rigid 1D lozenge-shaped channels (diameter
around 0.60 nm) with a steep uptake at p/po = 0.2-0.3 and narrow
hysteresis [38]. CAU-23(Al) (CAU represents Christian Albrechts
University) [39] features 1D square channels (0.76 nm) and exhi-
bits steep uptake at p/po = 0.27, accompanied by minimal hystere-
sis. MOF-801(Zr) [40], with face-centered cubic (fcu) topology and
three types of pore sizes (0.48, 0.56, and 0.74 nm) [12], shows a
steep uptake at p/po = 0.05. The defective Zr-Fum HT (Fum repre-
sents fumarate, HT represents hydrothermal synthesis in water
solvents) [41] shows a steeper uptake at the inflection point, as
well as a larger capacity, compared with the solvothermal synthe-
sized MOF-801(Zr). MOF-841(Zr) [40] has flu topology, 1.33 nm
pores, an S-shaped isotherm with a steep uptake at p/po = 0.22,
and no hysteresis (Fig. 2(b)). Co-CUK-1 (CUK represents Cambridge
University-KRICT) [42] features 1D channels (1.34 nm x 1.3 nm), a
type V isotherm with a steep uptake at p/po = 0.12, and no hystere-
sis. Through rational design of their structures, an increasing num-
ber of MOFs with excellent water properties have been
synthesized.

SBU modification: By rationally designing and regulating the
anions and cations in secondary building units (SBUs), not only
can a more water-stable MOF be constructed, but also its inflection
point and water capacity can be controlled [36,43]. Cation or anion
exchange, the substitution of coordinatively saturated cations with
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unsaturated cations, which can tune the hydrophilicity of MOFs,
has been employed to shift the inflection point [44,45]. For
instance, Co,Cly(BTDD) [46] features 1D mesoporous channels
(2.2 nm) that slightly shrink to micropores (< 2 nm) after water
adsorption, thereby preventing capillary condensation. It shows a
steep uptake at p/pp = 0.29 (Fig. 2(b)) and a water capacity of
0.97 g-g~!. Ni,Cl,(BTDD), similar to Co,Cl,(BTDD), features a larger
water capacity of 1.14 g-g~! (Fig. 2(b)) [45,47].

Linker modification-functionalised linkers: Modifying MOFs
with functionalized linkers featuring hydrophilic or hydrophobic
groups can shift the steep uptake step to lower or higher relative
humidity [9]. MIP-200(Zr) (MIP represents materials of the Insti-
tute of Porous Materials from Paris) [48] features 1D channels
(0.68 and 1.3 nm) followed by a type IV isotherm without hystere-
sis and an inflection point at p/po = 0.18. Zr-adip [49], which incor-
porates hydrophilic nitrogen sites into MIP-200(Zr), displays a
significantly improved uptake in the low range of p/pg = 0.1-0.25
(Fig. 2(b)). MIL-125(Ti)-NH, (MIL represents Matériel Institut
Lavoisier) [50], prepared by decorating NH,-groups on linkers for
a more hydrophilic and robust structure, has a 3D pore structure
(0.6 and 1.2 nm), showing a type V isotherm, a steep uptake at p/
po = 0.2, and little hysteresis.

Linker modification-isoreticular expansion: Once the syn-
thetic conditions for forming MOFs with specific SBUs are estab-
lished, frameworks with the same networks but different pore
sizes and environments can be obtained by making minor adjust-
ments to the linkers of the same type but varying in size, length,
or side chains [36]. MOF-303(Al) [4] with 1D hydrophilic channels
(about 0.6 nm) features a type IV isotherm without hysteresis and
an inflection point at p/pe = 0.13 (Fig. 2(b)), while the isomorphous
MOF-333(Al) with a different linker shows a type V isotherm with
steep uptake at p/po = 0.21 [16]. MOF-303(Al) has received atten-
tion and application due to its excellent water adsorption perfor-
mance (vide infra), and its variants have also demonstrated
outstanding performance. By adjusting the ratio of PZDC?~ (linker
of MOF-303(Al)) and FDC?~ (linker of MOF-333(Al)), a series of
multivariate MOFs exhibits adjustable isotherms in the range of
p/po = 0.13-0.21 without affecting water capacity [16]. Also, the
linker extension strategy has been widely employed to synthesize
new Al-MOFs, achieving a greater water capacity while retaining
the advantageous low inflection point of their parent MOF-303
(Al). Among them, MOF-LA2-1(Al) (pyrazole) with a longer linker
exhibits an approximately 50% increase in water capacity and an
increased inflection point from 0.13 to 0.26 (Fig. 2(b)), compared
with MOF-303(Al) [17]. By using extended furan-based linkers,
MOF-LA2-1(Al) (furan) and MOF-LA2-2(Al) (furan) express steeper
isotherms (Fig. 2(b)) with inflection points at p/po = 0.14 and 0.31,
respectively, and have higher water capacities than MOF-303(Al)
[51]. CAU-10(Al)-H [52] features 1D square-shaped, sinusoidal
channels (about 0.7 nm) with an S-shaped isotherm and main
loading at p/po = 0.16 without hysteresis [53]. MIL-160(Al) [54],
isomorphic to CAU-10(Al) [53], has 1D channels (about 0.5 nm)
and features a type V isotherm without hysteresis and a lower
inflection point at p/po = 0.09. KMF-1(Al) (KMF represents KRICT-
CNRS-Montpellier Framework) [55], isostructural analog of CAU-
10(Al), has 1D channels (about 0.57 nm) with an S-shaped iso-
therm at p/po = 0.16 and no hysteresis. Furthermore, through
adjusting the hydrophilicity of MIL-53(Al) by utilizing polymor-
phism in AlI-MOFs, the inflection point of the water isotherm shifts
from a p/po of approximately 0.5 for MIL-53(Al)-muc to a p/po of
about 0.3 for MIP-211(Al) (Fig. 2(b)) [53].

The hysteresis between the adsorption-desorption branches,
due to the thermodynamic irreversibility of capillary condensation,
needs to be avoided for AAWH application. As shown in Table 1,
except for Co,Cl(BTDD) and Ni,Cl,(BTDD), in which pore sizes
decrease from mesoporous to microporous after water adsorption,
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Table 1
Structural characteristics and water adsorption properties of selected adsorbents.
Materials Linker or o Jmax dpore Pore Pe —AaasH Vo Stability Ref.
monomer  [-]*  [gg '] [Al space  [gmL7']Y [K-mol']® [ecm3g']
Zeolites
AIPO-42 — 0.13 0.42 25,42, 3-D 1.412 69-46 - Less than 2% loss in qmax after 40 ads.® cycles  [31]
(303K) 6.3,11.0
EMM-8 — 0.15 0.39 7 1-D 1.5 46.76 0.59 3.3% loss in Aq over 30 ads. cycles [86]
(303 K)
DNL-11 — 0.05 0.37 6.5 1-D — — — Constant Aq over 13 ads. cycles [29]
(303 K)
AQSOA-Z01 - 0.19 020 7.4, 83 1-D 1.75 56.1 - - [11,87]
(308 K)
AQSOA-Z05 — 030 0.21 74,83 1-D 1.75 52.6 - - [11]
(308 K)
Metal-organic frameworks (MOFs)
Ni,Cl,(BTDD) ~ BTDD 029 1.14 22 1-D 0.852 - - - [47]
Co,Cly(BTDD) BTDD 0.29 0.97 22 1-D 0.69 55-41 - 6.3% loss in Aq after 30 ads. cycles [46]
MOF-LA2-1(Al) PZVDC 0.26 0.64 11 1-D 0.847 65.8-47.3  0.67 Constant Aq over 150 ads. cycles [17]
(pyrazole)
MIP-211(Al) tt- 0.29 0.61 8.5 1-D 0.807 48.6-45.5 0.60 Constant Aq over 40 ads. cycles [53]
muconate
MOF-LA2-2(Al) FDP 031 0.57 11.1 1-D 1.148 50 0.597 Constant Aq over 165 ads. cycles [51]
(furan)
MOF-841(Zr) MTB 0.22 0.51 133 3-D 1.05 58-42 0.53 7% loss in qmax after 5 ads. cycles [40]
Zr-adip ADIP 0.11 048 6.6, 12.8 1-D 1.17 51-46 0.47 Constant Aq over 300 ads. cycles [49]
MOF-LA2-1(Al) FVDC 0.14 047 9.2 1-D — 53 0.433 Constant Aq over 165 ads. cycles [51]
(furan)
MOF-303(Al) PZDC 0.13 045 6 1-D 1.159 50-40 0.54 Constant Aq over 150 ads. cycles [4]
MIL-125(Ti)- NH,-BDC 02 045 6,12 3-D 0.81 — 0.51 — [50]
NH,
Al-fumarate FA 0.27 045 5.7 x 6.0 1-D 1.24 50-42 0.48 Constant Aq over 4500 ads. cycles [38]
MIP-200(Zr) MDIP 0.18 045 13,6.8 1-D 1.16 70-45 0.40 6% loss in Aq over 1-10 ads. cycles and [48]
(303 K) constant Aq over 10-40 ads. cycles
MOF-333(Al) FDC 022 045 9.4 1-D 1.122 52.7-46.8  0.523 - [16]
KMF-1(Al) PyDC 0.16 043 5.7 1-D 1.08 57-52 0.473 Constant Aq over 50 ads. cycles [55]
(313K)
CAU-23(Al) TDC 0.27 0.42 7.6 1-D 1.07 48.2 0.48 Constant Aq over 5000 ads. cycles [39]
Zr-Fum HT FA 0.10 041 5.8,11.2 3-D 1.59 52-45 0.553 Constant Aq over 50 ads. cycles [41]
(313 K)
MIL-160(Al) FDC 0.09 0.38 5 1-D 1.068 64-43 0.40 Constant Ag over 10 ads. cycles [54]
(303 K)
CAU-10(Al)-H 1,3-BDC 0.16 0.37 7 1-D 1.15 53.5 — Constant Aq over 9 ads. cycles [88]
MOF-801(Zr) FA 0.09 0.36 4.8,56,74 3-D 1.68 62-47 0.45 Stable over 5 ads. cycles [40]
Co-CUK-1 PDC 0.12 0.30 134 x13.0 1-D 1.46 60-45 0.26 Constant Aq over 50 ads. cycles [42]
(303 K)
Covalent organic frameworks (COFs)
DHTA-Pa Pa 0.26 0.71 14 1-D — 51-44 — Constant Ag over 80 ads. cycles [18]
COF-ok 2,3-DHNA 032 0.62 13 1-D — 49.8 — Constant Aq over 20 ads. cycles [72]
TpPa-1 Pa 024 044 18 1-D - - - Constant Aq over 5 ads. cycles [62]
AB-COF TFB 024 041 13 1-D - 49.4 0.50 — [67]
(288 K)
3D-CageCOF-1  DHTPA 030 0.32 5.6, 8.8 3-D - 49.6 0.50 8% loss in qmax after 3 ads. cycles [65]
COF-432 TFB 0.35 0.30 7.5 1-D 0.875 48 0.43 Constant Aq over 300 ads. cycles [61]
Hydrogen-bonded organic frameworks (HOFs)
HOF-BTB BTB 048 0.32 16.6" 1-D - — 0.40 19.1% loss in gmax after 5 ads. cycles [74,89]

a

o represents the inflection point of the water uptake step, the relative pressure for which the capacity is 50% of gmax-

P gmax represents the maximum water uptake capacity (under 298 K unless otherwise stated).

dpore represents size of aperture or cage window.
pc represents crystal density.

2 n

V), represents pore volume, derived from 77 K N, adsorption.
ads. represents adsorption.
Mean pore diameter.

0

all other MOFs are microporous (<2 nm pore diameter, which is
smaller than the critical diameter for water). Hydrophilic microp-
orous MOF follows a reversible pore filling mechanism, where
specific adsorption at open metal sites and hydrophilic functional
groups initiates nucleation, gradually forming localized water clus-
ters through hydrogen bonding and expanding with increasing rel-
ative pressure, ultimately filling the micropores [9,12]. A smaller

—A.qsH represents heat of adsorption (isosteric heat or average of isosteric heat).

pore size facilitates the position of the inflection point to move
toward a lower relative pressure [9]. To promote water uptake in
arid conditions, merely enhancing hydrophilicity would trigger
strong binding and the formation of water superclusters, which
may cause undesirable hysteresis and difficulty in desorption. On
the contrary, water uptake without hysteresis under extremely
low relative humidity conditions can be better achieved by
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reducing pore size rather than simply improving hydrophilicity
[35]. In addition, one-dimensional pores tend to maximize capacity
for a given pore size [56]. Among the 20 selected MOFs, there are
11 AlI-MOFs and 5 Zr-MOFs. Al-MOFs are ideal for AAWH applica-
tion because of their stability, non-toxicity, light specific weight,
and low cost [53,57]. Also, in terms of scalable synthesis, Al-
MOFs have shown a yield that exceeds other MOFs [9]. MOFs not
only exhibit reversible adsorption-desorption in the range of
10%-30% RH, but also feature excellent cycle stability. Some Al-
MOFs exhibit no performance degradation over thousands of
adsorption-desorption cycles, which is a very important property,
as the cyclic stability of a material cannot be accurately deter-
mined from structural information.

2.3. COFs

COFs, as crystalline porous materials assembled through cova-
lent bonds, have shown extensive application value. COFs feature
unique properties, including high porosity, regular structures,
and tunable pores [58], and exhibit desirable properties for AAWH:
metal-free, avoiding the release of toxic metal ions; moderate
affinity for water molecules, facilitating the capture and easy
release of water; and regular channels, facilitating the diffusion
of water molecules. Although COFs are in the early research stage
for water harvesting, the diversity of structures, enabled by the
development of structural units and connection chemistry, allows
for the fine-tuning of COFs’ chemical and geometric structures to
achieve water adsorption properties suitable for water harvesting
applications.

A COF used for atmospheric water harvesting must first ensure
its water stability. Since Lewis acidic sites are easily attacked by
water molecules, COFs with B-O bonds are not water stable [59].
As the C=N bond is a stable 8-electron structure, C=N-linked COFs
generally exhibit good water stability and can be more resistant to
hydrolysis. Among them, the imine-based COFs demonstrate
enhanced water stability through their pH-induced reversible for-
mation mechanism, and their stability under acidic conditions can
be achieved by enhancing interlayer stacking [60]. COF-432, com-
posed of an extended imine-linked network, features a 1D pore
structure with a diameter of 0.75 nm and S-shaped isotherms
(Fig. 2(c)), and remains stable over 300 adsorption-desorption
cycles [61]. The C-N bond is a saturated bond with excellent stabil-
ity, where the B-ketoenamine bond, with an irreversible reaction
path, exhibits significant water stability [60]. A series of B-
ketoenamine-linked COFs were prepared by condensing function-
alized aromatic amines with aldehydes, and their isotherms were
tested, in which TpPa-1, TpPa-2, and Tp-azo remain stable during
five adsorption-desorption cycles [62]. DHTA-Pa containing B-
ketoenamine bonds showed no significant attenuation in the
adsorption capacity and kinetics of water for up to 80 adsorp-
tion-desorption cycles [18]. Other bonded COFs, such as azoles,
squaraines, phenazines, and pyrazines, also exhibit significant
chemical stability toward water and are promising absorbents for
AAWH [8]. With different chemical bonds, COFs can be built with
stable performance by adjusting their chemical structure and
polarity.

COFs have a variety of topological structures and can be divided
into two dimensional (2D) COFs with 1D pore structure and three
dimensional (3D) COFs with 3D pore structure according to their
spatial extension [63]. As for 2D COFs, symmetric organic building
blocks polymerize and expand via covalent bonds into monolayers
that overlap through non-covalent interactions, such as Van der
Waals forces, m-m stacking, and hydrogen bonding. 2D COFs usu-
ally have 1D vertical channels that accelerating the diffusion of
water molecules [8]. Their pore shapes can be polygons, and the
pore diameter is generally in the range of 0.6-10 nm [64]. Due to
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the ease of forming interpenetrating networks, pore sizes of 3D
COFs are usually in the micropore range [8]. Although the interpen-
etrating cavities of the 3D COFs’ network promote the complete
exposure of polar sites to attract water, it would be accompanied
by an increase in transport resistance, causing slow water diffusion
[8,18]. Currently, only Zhu et al. [65] have reported a 3D COF, 3D-
CageCOF-1, in which the —OH groups point into the pores, creating
a polar pore environment that enables steep water uptake at p/
po = 0.30 (Fig. 2(c)).

Like MOFs, COFs with effective pore sizes larger than the critical
diameter of water usually exhibit capillary condensation (20.76 A
at 25 °C) [8], which are characterized by hysteresis loops between
the branches of adsorption and desorption isotherms [9], and are
not conducive to achieving efficient water harvesting circulation.
The water adsorption behavior of hydrophilic COFs with microp-
ores (diameter < 20 A) generally obeys the following mechanism
similar to MOFs: (D Nucleation around polar hydrophilic sites
[66], @ physical adsorption as clusters or layers, @ pore filling.
Nucleation on hydrophilic sites is not necessary for some
hydrophobic COFs, such as COF-432 [9,61], as they initially form
isolated water clusters and then fill the pores immediately after
the inflection point (p/po > 0.4). Obviously, the hydrophilic and
hydrophobic properties of COF have a significant impact on its
water adsorption properties.

Adjusting the hydrophilicity and hydrophobicity of 2D microp-
orous COFs is vital for the rational design of highly performing
AAWH adsorbents. Functionalization of the COF framework can
directly adjust its hydrophilicity and hydrophobicity. Twelve stable
functionalized Schiff base COFs were prepared by Biswal et al. [62]
through functional modification, and the impact of their function-
alization on water adsorption behavior was studied: TpPa-1 dis-
plays relatively high water uptake and S-shaped isotherms with
an inflection point at p/pg = 0.24 (Fig. 2(c)), while the hydrophobic-
ity of ~CHs, -F, and -NO, result in the higher inflection point. Steg-
bauer et al. [67] prepared two azine-linked COFs, azine-benzene-
COF (AB-COF) and azine-triformylphloroglucinol-COF (ATFG-COF),
which feature isostructural topologies but different skeleton polar-
ities by precisely tuning the chemical properties of the pores. AB-
COF exhibits S-shaped isotherms with an inflection point at p/
po = 0.24 (Fig. 2(c)). ATFG-COF has more polar oxygen and nitrogen
sites, and its isotherm is not steep but features a gradual uptake. In
addition to directly synthesizing COFs with various functional
groups, post-synthesis transformation is an effective method for
adjusting the water adsorption properties of COFs without com-
promising the microporous structure [68]. Nguyen et al. [69] pre-
pared three hydrazide-linked COFs via post-oxidation of the
hydrazine bond and demonstrated that even a slight structural
change caused by a small amount of oxidation would lead to a sig-
nificant shift in the inflection point of the water adsorption iso-
therm, while attenuating the steepness of the isotherm. The
introduction of appropriate heteroatoms or polar functional groups
into COF can promote the nucleation around polar hydrophilic
sites, thereby improving its water adsorption capacity at lower rel-
ative pressures. Excessive polarity would lead to uniform adsorp-
tion of water, thereby losing the steep isotherm. In addition, the
increase in the hydrophilicity of COFs could lead to an increase
in the isosteric heat, resulting in difficulty in regeneration [70].
The balance of hydrophilic and hydrophobic entities in COFs helps
build mild water interactions. Due to the diversity of organic
monomers, designing COFs with a hydrophilic and hydrophobic
framework containing a variety of functional groups and pore sizes
is not difficult [71]. Deliberately designed ortho-ketoenamine
linked COF (COF-o0k), in which dione and naphthalene functionali-
ties act as hydrophilic and hydrophobic entities, respectively, exhi-
bits S-shaped isotherms, an inflection point at p/py = 0.32
(Fig. 2(c)), and a low regeneration temperature of about 45 °C



B. Zhang, Z. Wang, F. Kapteijn et al.

[72]. DHTA-Pa, in which hydrophilic ketone groups and hydropho-
bic benzene rings are alternatively arranged, features S-shaped iso-
therms, an inflection point at p/po = 0.26 (Fig. 2(c)), and a lower
regeneration temperature at 40 °C [18].

Despite advances in the design and functionalization of COF
structures, significant challenges remain to be overcome. From
the perspective of COF synthesis, it is required to rationally arrange
hydrophilic sites and control the pore size within 2 nm. Further-
more, 1D pore channels with well-aligned hydrophobic and hydro-
philic functionalities and appropriate strengths between
adsorbents and water molecules are crucial for improving water
transport kinetics [18]. There is an urgent need to improve the
water uptake of COFs under low relative humidity (< 10% RH),
which is essential for employing them in arid regions, such as
deserts. Without sacrificing adsorption capacity and Kkinetics,
increasing the proportion of hydrophilic sites or forming a strong
interaction between functional groups and water molecules is a
potential approach. Finally, it is necessary to expand the scale of
COF preparation and conduct in-depth research on COF adsorbent
modules used for devices to achieve practical application of COF-
based atmospheric water harvesting.

2.4. HOFs

HOFs, which are entirely constructed through multiple hydro-
gen bonding interactions and other non-covalent interactions such
as m-m stacking [73,74], represent a novel category of porous crys-
talline materials. Owing to the reversibility and flexibility of hydro-
gen bonds (H-bonds), HOFs can be synthesized under mild
conditions and are readily regenerated. Compared with zeolites,
MOFs, and COFs, the bonding mode within HOFs is more flexible
and relatively weak, and it is understandable for the HOFs’ rela-
tively low stability. Good hydrothermal stability is the first
requirement for applying HOFs in AAWH. In this context, the syn-
ergistic effect of multiple hydrogen bonding and m-m stacking
between organic monomers in the HOF's building unit makes it
stable in the aqueous environment [74]. In addition, increasing
the geometric rigidity as well as coplanarity of H-bonded units
helps form stable HOFs with permanent porosity [73], which is
favorable for water adsorption. However, studies on water vapor
adsorption in HOFs are currently limited, and only a few HOFs
exhibit S-shaped isotherms.

Although some HOFs, such as UPC-H1-H3 [75], SPA-1 [76],
TCPP-1,3-DPP [77], and y-19C [78], have the ability to absorb
water, these HOFs do not have the potential to harvest water due
to their limited adsorption capacity caused by small pore volume
and natural hydrophobicity. By systematic elongation of -
conjugated molecular arms, mesoporous HOF-102 [79] with large
1.3 cm>-g~! pore volume exhibits a high capacity of 0.75 g-g~!
but with a large hysteresis and a high inflection point at p/po = 0.71.

H-bonds are weaker than coordination and covalent bonds, for
which extra supramolecular interactions, such as halogen bonds
and m-7 interactions, are needed for highly stable HOFs, resulting
in difficulties in designing and controlling the framework of HOFs.
Hydrogen-bonded porous materials reported by Roques et al. [80]
can tune the porosity and precisely control the size and chemical
modification of pores within a specific hydrogen bonding frame-
work to control water adsorption properties without altering the
reference structural topology. SPA-1(R), in which R=H, CH3, OH,
OH:CH3, exhibits a tunable inflection point, but the introduction
of functional groups would reduce the pore volume and greatly
shrink the water adsorption capacity. This indicates that HOFs
are less tunable than MOFs, COFs, and zeolites. HOF-BTB [74] fea-
tures an S-shaped isotherm, an inflection point at p/py = 0.48,
and small hysteresis (Fig. 2(a)). Although HOF-BTB has good water
stability, its 0.32 g-g~! water capacity decreased by 19.1% after five

Engineering xxx (XXxX) XXx

adsorption-desorption cycles. HOFs currently have low water
capacity and poor cycling durability, so there remains a distance
before they can be applied to atmospheric water harvesting. Main-
taining pore volume and porosity as much as possible while
improving the stability of HOF is the key to developing water-
harvesting HOF in the future.

2.5. Summary

The structural characteristics and water adsorption properties
of selected zeolites, MOFs, COFs, and HOFs adsorbents based on
six criteria are summarized in Table 1. There are significantly more
MOFs suitable for atmospheric water harvesting applications than
the other three adsorbents, highlighting the advantages of isoretic-
ular chemistry, which enables the desired isotherms to be obtained
through the fine-tuning of metal clusters or linkers (Figs. 3(a)-(c)).
By comparing Figs. 2(a)-(c), it can be observed that MOFs exhibit
typical step-like S-shaped isotherms without hysteresis, and the
water uptake basically reaches saturation near the inflection point.
As shown in Fig. 2(d), the inflection points of MOFs are located in
the arid range of p/po = 0.1-0.3, which are lower than those of most
COFs and HOFs, and the water capacities of MOFs are larger than
those of zeolites. Furthermore, most MOFs have no performance
degradation over dozens to thousands of adsorption-desorption
cycles. MOFs have achieved a good balance between high water
capacity and low inflection point (Fig. 2(d) and Fig. 3(d)), so it is
understandable that a variety of MOF-based water harvesting
devices have emerged.

As for most zeolites, MOFs, COFs, and HOFs with steep S-shaped
isotherms without hysteresis, their water adsorption follows three
stages: initial adsorption at specific sites, formation of water clus-
ters, and pore filling. These four types of materials have signifi-
cantly different initial adsorption sites, resulting in their different
adsorption behaviors (Figs. 2(a)-(c) and (e)). The strong hydrophi-
lic sites of zeolite materials promote initial adsorption at low rela-
tive pressures, accompanied by a high adsorption heat, which
requires more energy-intensive regeneration. Open metal sites
and the polar (hydrophilic) groups of organic linkers are regarded
as initial nucleation sites for MOFs. The rich variety of initial sites
endows MOFs with highly adjustable water adsorption behavior,
especially allowing for the tuning of the inflection point. COFs
and HOFs have relatively high initial adsorption pressures and
inflection points due to the natural hydrophobicity of pure organic
frameworks. Although HOFs display reversible pore filling, they are
less durable than the other three materials due to the flexibility of
the framework.

By summarizing Table 1, Fig. 2, and the adsorption mechanism,
some design criteria of structural characteristics can be derived.
The pore size is directly related to the pore volume and the posi-
tion of the inflection point, and a pore size of about 1 nm appears
to be a suitable choice. In addition to the pore size, the regular
structure of the pores also creates favorable conditions for the for-
mation of highly organized water clusters under low relative pres-
sure [9,11]. The rational design of the pore structure and its surface
chemistry helps to achieve a balance between adsorption capacity
and energy consumption required for desorption. Appropriately
decorated with the right number of strongly hydrophilic sites in
relatively hydrophobic pores to avoid the formation of a uniform,
strongly hydrophilic pore surface seems to be a feasible strategy.
Considering the structural similarity of straight and regular pore
channels within 1D porous organic frameworks, the regular distri-
bution of hydrophilic and hydrophobic sites within the channel
facilitates the formation of regular water clusters, which is benefi-
cial for the formation of steep isotherms (Fig. 3(c)). For organic
frameworks with a 3D pore structure, their internal shapes are
often irregular, such as 3D interconnected pocket-like cavities in
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Fig. 3. (a) Developing analogous materials with different chemical compositions for a certain zeolite framework could exhibit better water adsorption properties. (b)
Isoreticular expansion strategy for MOFs: By synthesizing MOFs with specific SBUs using linkers varying in sizes, lengths, or side chains, one can obtain frameworks with
similar networks but diverse pore sizes and environments [4,17,51]. PZDC represents 1H-pyrazole-3,5-dicarboxylic acid. PZVDC represents (E)-5-(2-carboxyvinyl)-1H-
pyrazole-3-carboxylic acid. FVDC represents (E)-5-(2-carboxyvinyl)-2-furancarboxylic acid. FDP represents (E,E)-3,3’-(2,5-furandiyl)bis-2-propenoic acid. Reproduced from
Ref. [4] with permission. (c) Taking DHTA-Pa as an example, the pore environments can be adjusted through alternatively arranged hydrophilic sites and hydrophobic
segments [18]. Reproduced from Ref. [18] with permission. (d) Evaluate zeolites, MOFs, and COFs from six major evaluation dimensions of inflection point, water capacity,
regeneration temperature, kinetics, stability, and cost. Variables further from the center represent low inflection point, high water capacity, low regeneration temperature,

fast kinetics, high stability, and low cost.

MOF-801(Zr) [40]. The interpenetrating cavities of the 3D network
promote complete exposure of polar sites, resulting in higher
energy barriers for water diffusion and thereby increasing the dif-
fusion resistance of water [8,18]. In addition, some MOFs with 2D
pore structures feature S-shape isotherms, such as MWH-1(Zn)
(MWH represents MOF for Water Harvesting) [81] and Cr-mos-
MOF-1 [82], but their application in AAWH is limited by a low
water capacity and by a large hysteresis loop, respectively.
Although materials with 1D regular channels currently exhibit
good water adsorption properties, ideal straight-through and regu-
lar 2D and 3D channels with high connectivity are still worth fur-
ther exploration. Besides, different adsorbents perform optimally
at varying humidity levels. Therefore, designing mixed or compos-
ite materials in various forms (such as physical mixing, layered
structures, and core-shell structures) is expected to maximize
water adsorption under a wider range of environmental
conditions.

As a bridge connecting materials and engineering, obtaining
sufficient adsorbent materials at an affordable price is the key to
promoting AWH technology. Directly synthesizing adsorbents with
desired water sorption properties without post-modification can
simplify the synthesis process and reduce cost. In addition to con-
ventional commercial zeolites, AlI-MOFs with exceptional water
adsorption characteristics have demonstrated the potential for
industrial-scale batch production owing to their cost-effective
aluminum feedstock and environmentally friendly production

processes, which substitute organic solvents with water-based
protocols [83-85]. The diversified linker modification strategies
also give AI-MOFs a wider expansion. The scale-up production of
Al-MOFs, such as MOF-303, Al-fumarate, CAU-23, MIL-160, and
CAU-10, is no longer a challenge [85]. However, it is necessary to
take into account the large-scale and affordable production of
ligands required for MOF-333 and some linker-extended Al-
MOFs. While novel adsorbents demonstrate exceptional water
capacity and a low inflection point under controlled laboratory
conditions, a comprehensive assessment of their scalability, long-
term stability in practical operating environments (e.g., exposure
to airborne particulates and environmental temperature fluctua-
tions), and economic viability is imperative to determine their fea-
sibility for real-world applications.

3. Engineering device aspects
3.1. Adsorbent component design

Optimizing the performance of an AAWH device involves focus-
ing on two key areas: adsorbents and engineering component-level
properties [32]. Although the water adsorption isotherm defines
equilibrium capacity, the actual performance of AAWH systems
cannot be solely reflected by such equilibrium characteristics, as
the resistance related to heat and mass transfer in bulk materials
can limit system performance. The heat (energy) and mass
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transport characteristics are essential for determining system pro-
ductivity and effectiveness. Water adsorption-desorption kinetics
of bulk adsorbents depend on intra-crystalline and inter-
crystalline vapor diffusion, making it crucial to optimize crystal
size, shape, porosity, and packing density.

For zeolites, MOFs, and COFs discussed above, which are the
state-of-the-art adsorbents with affinity for water molecules, their
apparent water vapor adsorption rates do not differ by more than
one order of magnitude [5,18]. In terms of desorption kinetics,
MOFs, such as MOF-303(Al) and Al-fumarate [5], and COFs, such
as DHTA-Pa and COF-ok [18,72], have obvious advantages. Unfor-
tunately, there are currently no kinetic studies on HOFs. Hot sur-
face heating with solar and/or electricity is currently the
common method employed to drive adsorbents to release
adsorbed water [9]. Increasing the heat transfer rate can directly
enhance water yield, but improving the heat transfer often has a
direct trade-off with mass transfer. For example, increasing pack-
ing density boosts heat transfer but restricts vapor movement.
Constructing composite adsorbents by purposefully embedding
functional components, such as carbon or metal foams
[14,90,91], magnetic nano-particles [92], carbon paper or fibers
[91,93], and MXene nanosheets [94], or incorporating small
amounts of highly thermally conductive materials, can promote
heat transfer with minimal effects on the mass transfer. When
embedded functional components are exposed to external stimuli
like magnetic fields, electrical currents, light, or combinations
thereof, rapid and uniform heating can be generated within the
adsorbent. This strategy is widely employed in devices that utilize
MOFs and zeolites as adsorbents [9,32].

3.2. AAWH device design

Optimal AAWH system design on energy and productivity
demands multi-scale integration of adsorption thermodynamics
(scale-independent) and heat and mass transport (scale-
dependent), both at the bulk adsorbent level and the device level.
Therefore, in terms of engineering device aspects, it is necessary
to design the loading method of adsorbents and the operation
mode of the device reasonably based on the adsorption-desorp-
tion cycle capacity and adsorption and desorption kinetics of
each adsorbent. AAWH devices are categorized by passive mono-
cyclic devices and active multicyclic devices based on their oper-
ational frequency and water release and condensation methods
[36]. Passive monocyclic devices exploit relative humidity fluctu-
ations caused by daily temperature changes. At night, the device
adsorbs water vapor. During the day, the saturated adsorbent is
heated by direct solar radiation, thereby releasing the adsorbed
water, which is then condensed and collected. For adsorbents
with slow kinetics but good water capacity, passive monocyclic
devices can maximize their adsorption capacities and theoreti-
cally do not require external energy input. On the contrary,
adsorbents with faster kinetics and the ability to reach saturation
in a few hours or less are suitable for multi-cycle operations
within a day. Active multicyclic AAWH devices enhance water
collection by performing multiple adsorption-desorption cycles
throughout the day, surpassing the limitations of passive mono-
cyclic devices, but require the introduction of additional energy
to allow the adsorbents to release water.

3.3. Progress in AAWH devices

Various MOFs exhibit superior water adsorption/desorption
properties and stability, making them ideal for AAWH from arid
air [5,36]. MOF-based passive monocyclic AAWH device can
already produce drinking water without the need for external
energy sources aside from ambient sunlight [91]. As shown in
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Fig. 4(a), a MOF-801(Zr) based device with the condenser posi-
tioned on the sidewalls and a reflector added to the casing to
reduce condensation, exhibited a daily productivity of 0.1 liter
per kilogram of MOF material (L-kgybr) in the Arizona Desert [4].
Condensing and collecting as much of the water vapor released
by the adsorbents as possible by incorporating some clever design
of heat and mass transfer, such as increasing airflow circulation
and lowering the condensation temperature [95], is critical to max-
imizing the water productivity. The innovative coupling of a pas-
sive monocyclic AAWH device with thermoelectric power
generation (TEPG) and nighttime radiative cooling significantly
boosted both power density (~346%) and water production (up
to 0.93 L-kgyor-day™!) [90]. A novel cylindrical device (Fig. 4(b))
equipped with a MOF-303(Al) cartridge, which utilized thin disc-
shaped pellets made from MOF powders stacked with porous
nickel foam discs to efficiently distribute heat during desorption,
could produce 0.285 and 0.210 L-kgyor of water a day in Berkeley
and Death Valley National Park, respectively [91]. Enhancing water
production requires MOFs with high uptake at low relative humid-
ity, which often demand higher regeneration temperatures.
Cooling-assisted sorption-enhanced atmospheric water harvesting
(CSAWH) can improve performance by increasing effective RH near
the adsorbent [96], despite additional cooling and a low solar
energy conversion rate.

Solar-driven water release passive monocyclic AAWH devices
exhibit low daily productivity per solar absorber area, and their
heat and mass transfer need to be enhanced. LaPotin et al. [ 14] pro-
posed a dual-stage atmospheric water harvesting device (Fig. 4(e))
employing commercial zeolite AQSOA-Z01. The two stages
increased the daily productivity per solar absorber area of
~0.77 L-m~2 by recycling the latent heat of condensation from
the top stage to facilitate desorption in the bottom stage. The
dual-stage approach can be used with other high-performance
adsorbents and extended to various AAWH systems for enhanced
thermal efficiency. Although using a two-stage approach can
increase thermal efficiency to a certain extent to make up for the
low thermal conductivity of the air between stages, the daily pro-
ductivity per unit mass of adsorbent (0.115 liter per kilogram of
zeolite material (L-kgzdoice)) is lower than that of a single-stage
device (0.167 L-kgzaiite) [14]. Therefore, improving thermal con-
ductivity without compromising system kinetics remains a chal-
lenging task.

As for active multicyclic AAWH devices, an active device
employed MOF-303(Al), as shown in Fig. 4(c), achieved a daily pro-
ductivity of ~1.3 L-kgyior [5], significantly higher than the
~0.1 L-kgybr reported by the same team for the passive device
[4]. These active devices use electric and/or solar heating for mild
heating to facilitate water release. Compared with passive devices,
this method boosts productivity by an order of magnitude while
also placing higher requirements on the cycle stability of the
adsorbents. Rapid cycling that utilizes the partial working capacity
of MOFs will help increase the overall water productivity by opti-
mizing the uptake-release cycle time [97]. Adaptive water harvest-
ing devices that using electric heated hot flow to trigger water
release (Fig. 4(d)), like the one made by Almassad et al. [98] with
MOF-801(Zr), adjust cycles based on real-time weather conditions,
improving daily productivity from 1.2 to 2.4 L-kgybr at 10%-30%
RH, and even further doubled for 30%-60% RH conditions.

Atmospheric water harvesting devices based on COF are still in
the laboratory stage, with only a few devices having been reported
to date [72]. To verify the water capacity of COF-ok, Chen et al. [72]
designed the passive monocyclic AAWH device shown in Fig. 4(f).
The device exhibits a daily productivity of 0.161 L-kggcdr, and the
produced water meets the standards proposed by the World
Health Organization, which demonstrates the potential application
of COF-based atmospheric water harvesting.
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Fig. 4. MOF-based passive monocyclic AAWH devices: (a) Scheme of a device comprising a water adsorption unit and a condenser case [4] and (b) scheme of a cylindrical
device designed to optimize solar energy utilization from sunrise to sunset [91]. MOF-based active multicyclic AAWH devices: (c) scheme of a device in the Mojave Desert [5]
and (d) scheme of an adaptive device to improve its daily productivity with controllable time consumed per cycle [98]. (e) Zeolite-based passive monocyclic AAWH device
with dual-stage design [14]. (f) COF-based passive monocyclic AAWH device [72]. Reproduced from Refs. [4,5,14,72,91,98] with permission.

MOF-based AAWH has shown promising daily water produc-
tion levels, but more competitiveness is needed. Efforts should
focus on practical applications, beginning with large-scale MOF
production, and sub-tonne level high-performance MOFs are
being produced [99]. Fabricating MOF powders into pellets
[100] or films [15] through suitable binders requires the preser-
vation of crystallinity and porosity, while the decrease of water
loading triggered by the equivalent mass of binder added is inevi-
table [101]. In addition, water condenses in the interparticle
space between bulk MOF crystals, creating extra uptake and hys-
teresis in isotherms [102]. Considering the ultrafast kinetics of
single MOF crystals and the potential desorption hysteresis in
the bulk MOF, this effect can be minimized by using MOF parti-
cles with crystal sizes of 10-20 pum, in which intra-particle diffu-
sion is negligible [102], or by employing fluidization-based
devices where water adsorption happens in isolated particles
[103]. In summary, a passive monocyclic AAWH device can
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already produce water without an additional source except for
the sun. However, the complex relationship between energy
input and water yield, such as the water-energy nexus, must
be addressed to improve the energy utilization efficiency of
active devices. Suggested strategies include using highly ther-
mally conductive composites, radiative cooling, cooling-assisted
adsorption, and adapting harvesting cycles based on weather or
seasonal changes. At present, the synthesis cost of COFs is still
higher than that of MOFs and zeolites [70,86]. Therefore, only
by establishing a large-scale and low-cost COF production pro-
cess can COFs be widely used in actual devices.

3.4. Summary
In terms of device development, the use of MOFs and zeolites to

harvest atmospheric water has been demonstrated in medium-
sized AAWH devices, which reach the indicative technology readi-
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ness level (TRL) [104] of 7-8 [9]. Limited by the yield and cost of
COFs, the development of COF-based AAWH devices is still in an
early stage. Unlike commercially available “Hydropanel” based
on unknown adsorbents [105], the currently reported devices
based on MOFs and zeolites still exhibit inadequate daily water
productivity to meet an adult’s daily water requirement of ~4 L
[96]. If active devices could double current production, it would
gain a lot of attention and accelerate their adoption. For passive
devices, it is relatively challenging to increase the water produc-
tion capacity per unit mass of adsorbent. The integration of adsor-
bent composite assemblies with high-efficiency photothermal
conversion materials is an aspect that warrants attention [106].
In addition, the advanced condensation technology has the poten-
tial for system integration in AAWH devices. For example, a well-
designed radiative cooling assembly can not only enable passive
gravity-driven water collection [107], but also can condense the
water vapor released by the adsorbent into liquid water under
direct sunlight without energy consumption [108]. The next gener-
ation of AAWH devices should be designed to operate large quan-
tities of adsorbents, utilizing rationally shaped materials and
structural arrangements to optimize heat removal (adsorption)
and supply (desorption), accelerate water vapor transfer, and be
able to collect several liters of liquid water per day to meet human
needs.

4. Conclusions and perspectives

Advances in water vapor adsorbents have triggered extensive
research into atmospheric water harvesting technologies and
applications. Although the concept of AAWH has been fully
demonstrated, the development of high-performance adsor-
bents and devices remains a prerequisite for their wide applica-
tion. Zeolites, MOFs, COFs, and HOFs are ideal adsorbents for
AAWH because of their steep S-shaped isotherms. In the sum-
mary of this review, we focus on the above four types of materi-
als that possess steep isotherms in the arid range. Regular
micropores are conducive to the formation of steep isotherms
without hysteresis, and the reasonable arrangement of hydro-
philic and hydrophobic sites in the pores is conducive to control-
ling the timing of pore filling. Overall, MOFs are the most ideal in
terms of diversity, isotherm shape, inflection point, and water
capacity, and their steep uptake at the inflection point is benefi-
cial for water harvesting applications. Molecular simulation
studies can reveal the influence of linker changes [17] and
hydrophilic site distribution [109] on water adsorption proper-
ties of MOFs. Advanced molecular simulation methods enable
high-throughput screening of existing massive MOF datasets
[110,111] and further discovery of more candidates with poten-
tial in water harvesting [112]. Besides, there is a clear relation-
ship between the structure of MOF and water adsorption
performance, especially regarding isotherms as well as water
capacity [56], which makes artificial intelligence (Al)-assisted
MOF design possible. For a given MOF structure, machine learn-
ing methods can be employed to accurately predict its water
adsorption isotherm [113,114]. In addition, datasets of MOF
linkers have been established, and the GPT model is used to
innovate the MOF linker structure designs [115]. By using
data-driven algorithms to predict adsorption properties and
identify potential candidates, Al is anticipated to accelerate the
exploration of adsorbents with various dimensional structures.
It is worth noting that hydrolysis can be readily forecasted based
on fundamental chemical principles and steric effects. However,
accurately predicting structural stability against capillary forces
exerted on pore walls during water desorption remains chal-
lenging, and experimental determination is needed [36]. For
the future development of efficient AAWH adsorbents, water
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adsorption-desorption cycle experiments are indispensable.
Adsorbents that can maintain stability in hundreds or thousands
of cycles can greatly reduce the cost of use in practical
applications.

The issue of the water-energy nexus is a specific topic for the
design and construction of AAWH devices. The reliability and
safety of solar energy make it an ideal energy source for AAWH,
and water-scarce areas tend to have abundant solar resources.
An efficient solar energy capture and conversion system is crucial
for the efficient operation of AAWH devices. By compounding
MOF with highly thermally conductive materials, a new generation
of passive MOF AAWH devices can harvest water under extremely
arid desert conditions with only solar energy input [91], which
broadens the regions of applicability of AAWH devices, such as
developing regions without an electricity grid. In addition, active
AAWH devices, which can use electrical heating, external waste
heat, or other sustainable heat sources in conjunction with day-
time solar energy, possess higher water productivities and the abil-
ity of operating in various weather conditions. Therefore, water
production and energy efficiency of active devices can be opti-
mized by intelligently adjusting or integrating energy sources
according to environmental conditions and operational needs
[97,98].

Optimization of the heat and mass transfer characteristics [11]
of devices, as well as the integration of components, is of impor-
tance to improve their water productivity and efficiency, especially
for active devices. Multi-scale engineering of heat and mass trans-
fer is of significance in realizing efficient water production cycles.
However, preparing adsorbent assemblies with efficient adsorp-
tion-desorption Kkinetics while ensuring high thermal efficiency
has always been a difficult problem. Porous and honeycomb char-
acteristic structures [116], like in catalysis engineering [117-119],
are probably the way to go. Determining the adsorption-desorp-
tion kinetics of bulk adsorbents or adsorbent assemblies is encour-
aged, as the heat and mass transfer in bulk samples testing is closer
to the actual operating conditions for effective device-level evalu-
ation [120]. Considering it from another perspective, tailoring the
operating strategy of active devices to suit the adsorbent’s kinetic
profile can maximize performance. In terms of system design of
AAWH devices, by establishing numerical models of heat and mass
transfer for the devices [11,15,91], the moisture migration path can
be more reasonably optimized, thereby improving the perfor-
mance of the device while reducing production costs and design
cycles.

Finally, the advancement of AAWH technology is inseparable
from the development of high-performance adsorbents and the
design and engineering of efficient devices. Currently, among the
four types of porous crystal adsorbent materials: zeolites, MOFs,
COFs, and HOFs, only devices based on MOF adsorbents are
expected to be commercialized. Several key research gaps deserve
more exploration: (DKinetic studies on HOFs to evaluate their
potential in rapid-cycling devices. @Evaluating the construction
cost of composite adsorbent assemblies for enhanced heat transfer.
@Developing methods for maintaining porosity in MOF/COF pel-
lets or films, such as binder-free formulation. @Scientific design
of large-scale adsorption components and devices to further
increase water yield. ®Energy recovery integration of water har-
vesting devices on the system level. ®Techno-economic and life
cycle assessment analyses for scale-up AAWH application. In addi-
tion, the water collected by AAWH is not only limited to drinking,
but can also be used for agricultural drip irrigation [121] and clean
energy production [122], which expands the scope of AAWH tech-
nology. In the future, in addition to providing fresh water, AAWH
technology could be integrated into passive cooling, dehumidifica-
tion, and power generation systems, in line with the wider goals of
green and low-carbon.
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