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INTRODUCTION

Water is the most abundant and cleanest natural resource on earth, and it is
the driving force of all nature. It not only affects food security, human health,
and ecosystem integrity and maintenance, but is also an important driver of
energy in industrial production and life. Importantly, water adsorption
applications are considered to be highly energy-efficient and environmentally
friendly technologies, including atmospheric water harvesting,?* desiccation of
clean gases,® indoor humidity control,®” and adsorptive heat transformation.®°
However, current water adsorption-related applications are still constrained by
properties of adsorbents, such as their low water uptake capacities, poor cyclic
stabilities, limited feasibilities over a range of humidity conditions, and minimal
commercial availabilities. Conventional nanoporous materials (e.g., silica gels,
zeolites, and clays) were the first adsorbents used in water capture applications
due to their low cost, commercial availability, and favorable water adsorption
kinetics. However, these materials generally suffer from either low water uptake
capacities or high regeneration temperature, limiting their use in practical water
absorption applications.'® Metal-organic frameworks (MOFs), a class of
crystalline porous materials, are assembled from inorganic nodes and organic
linkers through coordination bonds.''2 Benefiting from their exceptional
porosity and surface area, tunable pore size and geometry, and highly tailorable
and designable structures and functionalities, MOFs show considerable
potential for gas storage and separation, heterogeneous catalysis, and other
energy and environmental sustainability applications.’>'” In recent years,
MOFs have also shown great potential for water vapor adsorption because of
a growing understanding of the relationship between MOFs and water, as well
as an increasing number of reports detailing MOFs that exhibit high water
stability."*° Moreover, judicious design of the MOF structures enables control
over their water adsorption properties and the water uptake capacities, which

make MOFs ideal candidates for water adsorption-related applications (Figure



1).

This review aims to provide an overview of recent advances in the development
of MOFs for water adsorption, as well as to offer proposed guidelines to develop
even better water adsorption materials. First, we briefly introduce the
fundamentals of water adsorption, including how to ascertain key insights
based on the shapes of water adsorption isotherms, descriptions of various
water adsorption mechanisms, and a discussion on the stability of MOFs in
water systems. Next, we discuss several recent reports have detailed how to
improve water uptake capacity through the design and synthesis of MOFs. In
particular, we highlight the importance of reticular chemistry in the designed
synthesis of MOF-based water adsorbent materials. We then shift our focus to
discussing the enormous potential of MOFs for use in selective water vapor
adsorption applications with both theoretical and practical considerations
considered. Finally, we offer our thoughts on the future development of this field
in three aspects: chemistry and materials design, process engineering, and
commercialization of MOFs for water adsorption. We hope that this review will
provide fundamental insights for chemists and inspire them to synthesize MOFs
with better water adsorption performance; and provide assistance to engineers
researching MOF-based water adsorption devices and working towards the
development of highly energy-efficient and environmentally friendly

technologies with reduced carbon footprints.
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Figure 1. An overview of water adsorption using metal-organic frameworks

MOFs FOR WATER VAPOR ADSORPTION

Fundamentals of water adsorption
Kaskel and coworkers reported the water adsorption properties of series of

MOFs, including HKUST-1, ZIF-8, MIL-101, which differed significantly in their
water uptake capacity and isotherm shapes."® In this regard, the exploration of
the water adsorption mechanism is of great importance for the further
development of MOF water adsorbents. Three adsorption mechanisms are
generally accepted: (i) chemisorption on open metal sites, (ii) cluster adsorption,
and (iii) capillary condensation.® Adsorption and desorption of water molecules
on open metal sites of MOFs are accompanied by changes in the metal
coordination number and/or structural deformation.'®2? Water adsorption in
MOFs often undergoes a physical adsorption process in which water molecules
are adsorbed in the pores through hydrogen bonding interactions. The
adsorbed water molecules then serve as nucleation sites for the formation of
water clusters, promoting water adsorption in the larger cavities that ultimately

leads to water condensation in the overall framework. Both chemisorption on



open metal sites and cluster adsorption in MOFs are similar to those of porous
carbons and zeolites, and water adsorption proceeds through reversible pore
filling, as in the case of MOF-801, UiO-66, and other hydrophilic microporous
MOFs.?" For MOFs with larger pores (~2 nm), the capillary condensation
mechanism dominates the water adsorption process. Due to the irreversible
nature of the capillary condensation adsorption process, water adsorption
isotherms typically exhibit “S” shaped profiles with hysteresis loops between

the adsorption and the desorption branches.
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Figure 2. IUPAC classification of water vapor adsorption isotherms°

Based on multiple potential water adsorption mechanisms, MOFs exhibit
diverse types of water adsorption isotherms. The isotherm shape not only
provides important information on the water adsorption mechanism, but also
offers insight into both the strength of the adsorbate-adsorbent (i.e., water-MOF)
interactions and the relative hydrophilicity or hydrophobicity of the pore
environments of MOFs. In this review, all water adsorption isotherms discussed
were measured at 298 K unless otherwise noted. Relative pressure, P/P, is
equivalent to relative humidity (RH, in %). Although water uptake capacity is
given in a gravimetric unit (g g*) for most reported examples, volumetric uptake

capacity (g cm3), which specifies the volume of sample to be occupied at a



certain water uptake capacity, is more relevant for practical applications. In
particular, high mass specific working capacities suggest great promise for

water adsorption-related materials in the stage of industrial applications.

According to the IUPAC, the water adsorption isotherms are classified into
seven types (Figure 2).'° In type I, II, IV and VI, the water uptake increase
steeply at very low relative pressures, indicating that the hydrophilic character
of adsorbents. In type lll, V and VIl isotherms, very low water uptakes at low
relative pressures imply the presence of moderately hydrophobic pore
environments. In addition to the isotherm shape, the position of the isotherm’s
inflection point (a), which is defined as the point at half of the maximum
adsorptive uptake, can also indicate which practical water adsorption
application is best suited for each MOF, ranging from atmospheric water
harvesting to autonomous indoor humidity control and adsorptive heat
transformation, among others.! However, the poor hydrolytic stability of many

MOFs limits their applications for water adsorption.

For a MOF to be hydrolytically stable, it must maintain its crystallinity and
porosity upon exposure to humidity (or liquid water). A comparison of powder
X-ray diffraction (PXRD) patterns collected before and after exposure to
humidity should be used to assess the MOF stability.#?? In addition, researchers
should characterize the permanent porosity of the MOFs before and after
humidity exposure through analysis of adsorption-desorption isotherms, which
will indicate whether the pore structure collapses or remains intact upon
exposure to humidity. In general, MOFs that undergo framework collapse in the
presence of water due to the breakage of coordination bonds between organic
linkers and inorganic metal ions exhibit weaker PXRD diffraction peaks or
increased half-peak widths, as well as reduced porosity.?> Considerable effort
has been devoted to elucidate the degradation mechanism of MOFs in the
presence of water and to develop appropriate strategies to improve the water

stability of MOFs.2324 In the context of thermodynamics, the strength of metal-



linker coordination bonds is a decisive factor in predicting MOF stability in the
presence of water. According to the hard/soft acid/base (HSAB) principle, hard
Lewis bases form strong bonds with hard Lewis acids, while soft Lewis bases
tend to form strong bonds with soft Lewis acids.?22528 In this context, stable
MOFs are often constructed from organic and inorganic building units following
HSAB principle. For instance, MIL-101,2” MOF-303,%2 and Ui0-66,° which
feature carboxylate linkers coordinated to high-valent Cr(lll), Al(lll), and Zr(IV)
metal ions, respectively, exhibit excellent water stability. In addition to
thermodynamic considerations, kinetic factors, including inert metal ions,
hydrophobic linkers, highly connected building units, and catenated frameworks,
can also improve hydrolytic stability of MOFs by preventing water from attacking

metal-linker coordination bonds.

Rational design of MOFs for water adsorption

The development of MOFs with appropriate hydrolytic stability depends on the
rational control of both thermodynamic and kinetic factors. In this regard,
reticular chemistry has enabled the rational design and assembly of MOFs with
great potential to precisely design and control the pore geometry and size,
surface area and various functionalities and pore hydrophilicity or
hydrophobicity.3%3" Using a reticular chemistry approach, researchers can
design a blueprint net to guide the synthesis of MOFs from preselected
inorganic and organic building units that coordinate in desired geometries. A
blueprint net is often referred as an edge-transitive net with one type of edge or
a related minimal edge-transitive net. Alternatively, researchers can leverage
isoreticular synthesis strategies, including isoreticular expansions or
contractions, functionalization, and node modification, to finely tune the water

adsorption properties of a MOF with a desired net.

In this part, we focus on the main achievements of reticular design of MOFs for
water adsorption performances. We discuss typical and latest examples of

MOFs, as well as their respective water sorption properties, that highlight the



important features of reticular chemistry that render MOFs a unique class of

sorbents for water vapor adsorption (Figure 3).
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Figure 3. Crystal structures of selected MOFs and their water uptake capacities under specific

operating conditions.

Designing MOFs for water adsorption with reticular chemistry

Zirconium-based MOFs have garnered considerable attention owing to their
superior chemical and thermal stability, multi-functionality, and reproducibility.
Of particular interest is their versatile connectivity, which can range from 3-
connected to 14-connected, that allows for the rational design and synthesis of
a wide set of extraordinary structures with many types of multitopic carboxylate
linkers.2%32-34 For instance, the combination of linear ditopic linkers and 12-
connected Zrs clusters affords a series of 12-connected fcu-MOFs (Figure
4).2°:33 Among this family, MOF-801, assembled from fumarate linkers and Zrs
nodes, exhibit the notable water stability and high uptake capacity at low
relative pressures, render MOF-801 suitable for water harvesting. Recently,

Serre, Chang, Maurin, and coworkers synthesized a robust large-pore



zirconium MOF with csq net, denoted as MIP-200, from the assembly of 4-
connected tetracarboxylate linker and 8-connected Zrs nodes.®> MIP-200 has
hexagonal channels with size of ca. 13 A and triangular channels with size of
ca. 6.8 A, respectively. The high porosity and stability render MIP-200 with
superior water-sorption properties, including an S-shaped isotherm and high
uptake of water below 25% RH. Recently, Farha and coworkers explored the
synthesis of Zr-MOFs with a unique [2.2]paracyclophane (PCP) scaffold.®®
Interestingly, the backbone can be easily extended to ditopic and tetratopic
carboxylate linkers that can further assemble into Zr-MOFs with different
topologies, including the 2D NU-700, NU-405 (fcu), NU-1800 (flu), NU-602
(she) net, and NU-913 (scu). These MOFs exhibit high hydrolytic stability due
to the hydrophobic nature of PCP scaffold.

MOFs based on trinuclear chromium (lIl) (Cr3) nodes represent an outstanding
subclass of water-stable MOFs. Early examples include MIL-100 (Cr) and MIL-
101 (Cr) with the mtn net,?”*’which are assembled from terephthalic or trimesic
acid linkers and Crs nodes. The water sorption isotherm in MIL-101 (Cr) shows
a unique shape, which has initial adsorption followed by hysteresis loops, that
is attributed to the presence of the coordinatively unsaturated chromium sites,
as well as two mesoporous cages in the structure. The outstanding water
uptake capacity (1.29 g g at 90% RH) of MIL-101(Cr) is one of the highest
values ever reported for a solid adsorbent.®® Eddaoudi and coworkers
combined 4-connected 3,3’,5,5'-tetrakis(4-carboxyphenyl)-p-terphenyl ligands
with Crsz nodes to yield a hydrolytically stable chromium-based MOF with the
soc net, Cr-soc-MOF-1.%° The extraordinary high porosity affords a water vapor
uptake of 1.95 g g at 70% RH. Recently, our group reported hydrolytically
stable and highly porous NU-1500-Cr with the acs net, which consists of rigid
triptycene-based organic ligands and Crs node.*%#" NU-1500-Cr displays a high
water capacity of about 1.02 g g at 60% RH and 298 K. Both Cr-soc-MOF-1

and NU-1500-Cr can maintain high water vapor uptake after multiple



adsorption-desorption cycles, indicating that the chromium-carboxylate
coordination bonds are highly kinetically inert. The excellent chemical stability
of these MOFs paved the way for the rational synthesis of MOFs used in water

adsorption application devices.

MOFs made from infinite, rod-like units are often stable because of steric
shielding by the binding groups.*? The position of the inflection points in water
adsorption isotherms for MOFs that contain rod-like building units are generally
located in the low relative humidity range (RH < 50%), which has been proven
to be a key feature in designing water harvesting materials for use in arid
regions. For example, the promising water adsorbent CAU-10-H, which is
assembled from chains of edge-sharing AlOs octahedra and 1,3-benzene
dicarboxylic acid linkers, shows a water uptake capacity of 0.26 g g at 20%
RH and retains its capacity after 10000 adsorption-desorption cycles.*® Yaghi
and coworkers recently combined the polar organic linkers and alternating cis-
frans AlOs octahedra to yield a MOF-303 with xhh topology. Due to the
presence of a hydrophilic one-dimensional pore with a 6 A diameter and a free
pore volume of 0.54 cm?3 g, MOF-303 exhibits a water uptake capacity of 0.4
gg'at 20% RH.*

In addition to carboxylate-based MOFs, metal-azolate frameworks comprise a
class of stable MOFs that positions them as promising for use in water
adsorption applications.*® For example, Dinca and coworkers synthesized
stable mesoporous triazolate-based MOFs, M2Clz(btdd)(H20)2 (M = Mn, Co, Ni),
from the assembly of Hibtdd linker and related metal salts.*6>0 Among these
MOFs, CoClz(btdd) with a hexagonal pores of ca. 22 A displays a total water
uptake of 0.82 g g at the relative humidity of 30%.4

Fine-tuning pore size and pore geometry of MOFs with isoreticular
chemistry
Once a MOF based on a specific topological net that exhibits favorable water

adsorption properties is identified, isoreticular synthesis, including expansion or



contraction, linker functionalization, and modification of the metal nodes, can
be used to fine-tune the pore size and pore geometry of the MOFs. This offers
a strategy to tune different water adoption properties of the MOF, such as the
shape of water isotherm, the position of the inflection point, and the water

uptake capacity at specific relative humidity range.
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Figure 4. Isoreticular synthesis of MOFs with fcu topology.

(A). The linear ditopic linkers with different size and functional groups and 12-connected Zrs
SBUs generate fcu topology

(B) Water adsorption isotherms of fcu-MOFs with different pore size. Data from ref 2':5

(C). Water adsorption isotherms of functionalized BDC in the structure of UiO-66. Data from ref
51

(D). Water adsorption isotherms of functionalized BPDC in the structure of UiO-67. Data from

ref 452

The power of isoreticular expansion lies in the ability for researchers to increase
the pore volume while retaining the skeleton and topology of the initial MOF. As

the water uptake capacity of MOFs is dependent on its pore volume, the water



uptake capacity can be enhanced using an isoreticular linker extension strategy.
For example, the fcu UiO-66 contains a slightly longer BDC linker compared to
the isostructural fumarate linker in the fcu MOF-801, and as a result, exhibits a
larger pore volume and thus a larger water uptake capacity (Figure 4A). In
another example, Zheng, Motkuri and coworkers applied the isoreticular
expansion strategy to study water adsorption behavior in a set of Ni-MOF-74
structures.®® The maximally extended framework, denoted as Ni-MOF-74-TPP,
exhibits the highest water uptake capacity value of 0.9 g g at 60 % RH.
However, the maximum water uptake capacity does not always follow the trend
of total pore volume by isoreticular expansion strategy, which has been
rationalized as a result of a partial collapse arising from capillary-force-driven
forces during water adsorption.>* Additionally, this linker extension strategy
generally involves either incorporating polycyclic aromatic linkers, which
increases the hydrophobicity and decreases the thermal stability of the MOF.
Therefore, tools such as molecular simulations may be required to rationally
enhance the water adsorption ability through the isoreticular expansion
approach. Recently, Yaghi and coworkers employed an experimental-
computational approach to extend MOF-303 by appending a single vinyl group
to the PZDZ linker.>® The resulting MOF featured an increase in pore volume

while retaining the ability of the MOF to harvest water in arid environments.

Compared to the isoreticular expansion, linker functionalitzation not only tunes
the pore geometry and size, but can also improve the stability of MOFs. For
instance, Li and coworkers synthesized thirteen isoreticular UiO-type MOFs
with linkers of different lengths and functional groups (Figure 4)°' and found
that incorporating hydrophilic groups into UiO-66 can improve both the low-
pressure water uptake capacity and the water adsorption kinetics. This
performance increase can be attributed to the existence of strong hydrogen-
bonds between the functional groups in the MOF and the H2O molecules. In

contrast, hydrophobic groups can alter the position of the inflection point to



higher relative humidities. Therefore, the precise introduction of functional
groups enables control over the hydrophilic or hydrophobic of the pores to meet
the requirements of different applications. For example, Su and coworkers
recently introduced both hydrophobic and hydrophilic groups in proper ratios
into the UiO-67 platform as a strategy to tune the overall frameworks stability
and water vapor uptake capacity.? As a result, UiO-67-4Me-NH2-38% exhibits
S-shaped adsorption isotherms located in the optimal RH range for use in
autonomous indoor humidity control applications. Although this strategy has
proven most successful in shifting the isotherms of the parent MOFs, this
functionalization strategy is not an effective solution for all MOFs since the
introduction of new functional groups results in a significant decrease in pore

volume, and subsequently, a less steep water adsorption isotherm.%®
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Figure 5. Aluminum chain-based MOFs.

(A) Crystal structure of CAU-10 contains (cis)s-(trans)s alternating corned-shared AlOs
octahedra.

(B) Water adsorption isotherms of aluminum-based MOFs isostructural to CAU-10. Data from
ref56—59

(C) Crystal structure of MOF-303 contains cis-trans alternating corned-shared AlQOs
octahedra.



(D) Water adsorption isotherms of multivariate PT-MOF series. Data from ref 0

To increase the water uptake capacity without reducing the pore volume,
incorprating an aromatic linker that contains a polar heteroatom offers a viable
strategy (Figure 5). For example, MIL-160, assembled from the polar 2,5-
furandicarboxylic acid and rod-like Al units, revealed that a better water uptake
capacity at low relative humidity and a slightly enhanced saturation capacity
compared to isostructural CAU-10.%" (Figure 5B). Qian and coworkers recently
immobilized the Lewis basic nitrogen sites into MIP-200, and the generated Zr-
adip exhibited an extremely high water uptake of 0.43 g g™ at 25% RH, higher
than pristine MOFs of MIP-200 (0.39 g g).%" In-situ X-ray diffraction and
theoretical calculations revealed that the incorporated polar heteroatoms can
serve as strong binding sites for water molecules and lead to the formation of
water clusters, which then form chains of clusters, and finally a water
network.?862 More interestingly, multicomponent approaches (e.g., multivariate
and mixed-linkers approaches) offer a straightforward and inexpensive way to
tailor pore properties like stability, hydrophilicity or hydrophobicity, and affinity
of water molecules.®® For example, Zhang and coworkers demonstrated that
MAF-4 can be tuned to become more hydrophilic by partial or full replacement
of the linker with 3-methyl-1,2, 4-triazolate in MAF-7.84 Similarly, Christoph and
coworkers also showed that the hydrophilicity can be easily tuned through
varying the ratio of linkers between the limits of MIL-160 and CAU-10-H.6°
Recently, Yaghi and coworkers reported a series of multivariate PT-MOFs
based on the MOF-303 and CAU-23 platforms, which leads to a broader range
of tunability in the low relative humidity range, the regeneration temperature,
and the enthalpy of adsorption (Figure 5C-D).®° The Farha group recently
developed a de novo linker installation strategy to improve the stability of the
Zr-MOF based on NU-600.°6¢ The resulting multicomponent MOFs show
enhanced hydrolytic stability and water sorption performance compared to the
prototype NU-600, highlighting that increasing the connectivity of the Zrs nodes

can protect them from water attack.



In addition to the extended or functionalized linkers, modification of the metal
nodes has also been employed to tune the water adsorption properties of the
MOF. In general, exchanging the metal cations in the nodes can increase the
hydrolytic stability of MOFs and move the pore-filling step to lower relative
humidities.*%4767 Zhou, Eddaoudi, and our group successfully constructed a
series of chromium-based MOFs via post-synthetic metal metathesis of the
iron-based MOFs.394068 These MOFs exhibit superior stability and advanced
water adsorption properties for many water vapor adsorption and desorption
cycles, which is attributed to the strong chromium-carboxylate coordination
bonds (Figure 6A). Recently, Han, Rosi, and coworkers reported a zinc-
terephthalate-allopurinol MOF, ALP-MOF-1, which contains interconnected
Zn4(u2-H20)2(ALP)2(BDC): clusters.®®* SCXRD and DFT computations revealed
that the open metal sites in ALP-MOF-1 play an important role in anchoring
water molecules, which offers the tuning of the composition of metal ions as a
viable strategy to adjust water uptake. Therefore, a series of isostructural
framework analogues with different metal ratios (Co/Zn) can be obtained via
metal ion metathesis, ultimately affording a MOF that exhibits tunable water

isotherms below 20% RH (Figure 6B).
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Figure 6. Influence of SBUs modification on the water adsorption properties

(A). Modification of water sorptionad properties conversion of NU-1500-Fe to NU-1500-  Cr

by metal ion exchange at the SBU. Data from ref*

(B) Variable metal ions composition to adjust water adsorption properties of ALP-MOF.
Data form ref®®

(C) Modification of water adsorption properties through conversion of Ni2Cl2BTDD to
Ni2Br.BTDD by anion exchange at the SBU. Data from ref*®

(D) Modification of water adsorption properties through node functionalization of NU- 1000.

Data from ref”®

In addition to the exchange of metal cations, node functionalization through
post-synthetic modification methods offers a route to retain the stability of
framework by reducing the strength of the interaction between water molecules
and the nodes . For example, Farha and coworkers demonstrated that replacing
the polar hydroxyl and aqua ligands on Zrs nodes with longer and flexible

carboxylate-based ligands can effectively limit the accessibility by water



molecules to the Zrs nodes.”! Similarity, they recently exhibited that using a
hydrophobic capping agent, trifluoroacetic acid (TFA), can significantly improve
the water stability of the MOF. As a result, NU-1000-TFA with the csq net and
NU-913-TFA with the scu net achieved remarkable water uptakes of around
1.32gg'at70 % RHand 0.85g g at 53% RH, respectively, and remain stable
following consecutive water adsorption-desorption cycles (Figure 6D).367°
Likewise, Dinca and colleagues reported that post-synthetic modification of the
nodes of the Ni-based MOF Ni>CI.BTDD affords an enhancement of water
uptake capacity at low pressures (Figure 6C). For example, Ni2Br.BTDD,
obtained from the replacement of the CI- by Br anion in Ni2CI.BTDD, displays
a slight contraction of the pore diameters but the greatest water uptake capacity

of 0.64 g g™' below 25 % RH.*®

APPLICATIONS OF WATER ADSORPTION

The development of MOFs for water sorption-related applications strongly
depends on the shape of the water adsorption isotherm and the uptake capacity
of the MOF. In particular, MOFs that exhibit S-shaped water sorption isotherms
are more desirable as they can offer both high working capacities and low
regeneration energies, which is a rare combination of features amongst
traditional water sorbents. In addition, the relative humidity (RH) at which the
inflection point (a) occurs is a critical indicator for which specific water
adsorption application the MOF is best suited for. For instance, water
adsorption isotherms that exhibit inflections at extremely low RH values (a <
0.05) would work well for the gas desiccation. In comparison, a values in the
range of 0.1 to 0.3 indicate that the material suited to the applications of
adsorptive heat transformation and water harvesting. Reversible adsorption-
desorption branches from 0.45 < a < 0.65 match well with the ideal humidity
range of healthy indoor environments, meaning these MOFs would be well-

suited to maintain indoor humidity.

Atmospheric water harvesting



Shortages of freshwater resources comprise an increasing risk to the global
population. In this regard, atmospheric water harvesting (AWH) technologies
show great potential as a solution to this water crisis since, in principle, water
harvesting is accessible everywhere.?’? Three primary categories of AWH
technologies include fog harvesting, dewing, and adsorption-based
approaches.” The first two require high humidity environments and relatively
large energy consumption, which precludes the application of these AWH
technologies in most regions of the world. Conversely, adsorption-based water
harvesting systems can easily work worldwide, even in arid regions.”>* In
adsorption-based AWH systems, water vapor from the ambient environment
concentrates in the adsorbent, and then water vapor releases from the
adsorbent upon application of a temperature or pressure swing. Notably,
powering these swings by low-grade energy sources, such as solar thermal
energy or waste heat, would further reduce the environmental impact of this
approach. Finally, the water vapor released from the sorbent is then introduced

to a condenser, which enables the collection of fresh water from the apparatus.
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Figure 7. Three classes of practical MOF water harvesters.

(A) A passive, monocyclic water harvester. Reprinted with permission from Yaghi et al.?’
Copyright 2017, American Association for the Advancement of Science.

(B) An active, multicyclic water harvester. Reprinted with permission from ref. 44 Copyright 2019
American Chemical Society.

(C) An adaptive, multicyclic water harvester. Reprinted with permission from Cordova et al.”

Copyright 2022 Springer Nature.

Two key components are required for the development of MOF water
harvesters:®> MOF-based adsorbents and water-harvesting devices. Generally,
hydrophilic MOFs work best for this application as they can capture water vapor
in extremely dry air and simultaneously exploit the abundant solar energy in
arid areas to minimize the energy cost for potable water production. In the past

several years, researcher explored a series of hydrophilic MOFs that are



suitable for the ideal sorbents, such as MOF-801,2' MOF-841,3 Co.Cl.BTDD,®
CAU-10,’® and MOF-303.”7 These MOFs all exhibit the cabaility to capture
water up to 0.25-0.84 g g at relatively low RH values (10% < RH < 40%) and
low regenerated temperature temperature (~65 °C) that can be attained by

solar thermal energy or waste heat.

In addition to the development of MOFs with high water uptake capacites, fast
adsorption kinetics, and low desorption temperatures, the other equally
important aspect in the development of AWH devices for use in practical
applications. Yaghi and coworkers first reported a proof-of-concept MOF water
harvester based on passive adsorption-desorption in a monocyclic mode.3?
The device consists of a small sorbent container, large vapor condenser and
surrounding walls (Figure 7A). At night when RH values peak, moist air diffuses
into the MOF bed. During the daytime when RH is at its lowest, heat generated
by sunlight is used to release the water vapor from the MOF and subsequently
condenses on the surrounding walls of the device. MOF-801 was tested in this
device and exhibited a productivity of 0.1 L kgmor-so1™" per day in the desert of
Arizona, USA.”” However, the fundamental drawback of passive water

harvesters is that their productivity is limited by the sorbent capacity.

To overcome this drawback, active harvester devices based on multicyclic
adsorption-desorption cycles have been developed.* The device is comprised
of adsorbent beds, electrically powered components, and exchangers (Figure
7B). Since the adsorption and desorption processes are electrically powered,
the uptake and release of water vapor can occur in any time of day and night.
This results in a substantial increase in productivity for these active harvester
devices compared to that of passive water harvesters. In the first example of
an active water harvester device, MOF-303 was used due to its rapid
adsorption-desorption kinetics. As a result, this active device could generate
1.3 L kgmor™! per day at 32% RH, which corresponds to a greater than four-fold

increase compared to that of the passive device under the same conditions. In



contrast to previous devices that mainly focused on the saturated sorption
capacity of materials, the success of this device demonstrated that controlling
and exploiting the dynamic water capacity of the MOF is an equally important
aspect of high-efficiency water production under atmospheric water harvesting

conditions.

Recently, Cordova and coworkes developed a new water harvester based on
multicyclic adsorption-desorption cycles, termed adaptive water harvesting.”
The device is similar to the active device, consisting of an air intake
compartment, sorption compartment, and condensation compartment (Figure
7C). However, the adaptive mode of this device can optimize the timing and
efficiency of each sorption cycle through sensors that correlate the real-time
temperature and RH of the ambient environment to the dew points from a
database. MOF-801 was used to evaluated to the actual water production ability
for this device, which demonstrated a greater than 169% increase in water
production compared to the active harvesting device. Furthermore, the adaptive
device is capable of continuously producing water with no loss in performance
after operation more than 12 months. The development of this adaptive device

has laid the foundation for a commercially available MOF water harvester.
Adsorptive Heat Transformation

The adsorption of water vapor on porous solid surfaces is well suited for low
temperature heat transformation applications, such as adsorption heat pumps
(AHPs) or adsorption driven chillers (ADCs).”® Notably, these adsorbent-based
heat transformations can significantly help minimize primary energy
consumption and greenhouse gas emissions, providing a promising approach
towards reducing the carbon footprint. In these systems, water is the working
fluid and is evaporated, and then it is adsorbed by the sorbents, which causes
heat to be released at an intermediate temperature level. The details of how
these devices operate can be found in other reviews,® so we refer the reader

there for more information.



A promising adsorbent should have a high affinity toward water to meet the
requirement of refrigeration but a low regeneration temperature to minimize the
energy required to release and collect water. Moreover, facile water
adsorption/desorption kinetics for energy efficiency and excellent stability in
multicycle adsorption-desorption cycles are both equally important to achieve
high coefficients of performance for heating (COPH < 2.0) and cooling (COP¢ <
1.0), respectively. Commercially available water sorbents (e.g., silica gel and
zeolites) exhibit weak hydrophilicity at low relative pressure or require high
regeneration temperature, which are not suitable for the application of ADCs
and AHPs. In this regard, MOFs that exhibit S-shaped water sorption isotherms,
high uptake capacities at low relative pressures, and facile regeneration at low
temperatures should be favorable for these applications. Toward this end, many
MOF materials with excellent water stability have been tested for their
applicability in adsorptive heat transformation. Among them, aluminum chain-
based MOFs have shown a high potential for application in AHPs or ADCs due
to their high working capacities, low regeneration temperatures, and stability in
multicycle adsorption-desorption experiments. For example, MIL-160 has
demonstrated a high loading capacity (2.35 kg kg™') in the first water loading lift
within a typical AHP cycle,®” which is slightly higher than that of commercial
SAPO-34. Regarding ADC applications, MIL-160 shows a COP¢ of 0.74 but
requires a somewhat high regeneration temperature (> 90 ), which makes it
inefficient in ADC devices. Another Al-chain-based MOFs, CAU-23, shows a
high water loading at relatively low RH values (RH < 30%) and is stable beyond
5000 adsorption-desorption cycles.%® In addition, CAU-23 has a notably high
COPc of 0.8 for refrigeration at a low driving temperature below 60 , which
render it as an ideal material to realize ultra-low temperature-driven ADC
devices. Recently, Chang, Maurin, and coworkers leveraged a computational
predction approach to discover a unique Al-based MOF, KMF-1, which features
S-shaped water sorption isotherms, as well as record volumetric working and

specific energy capacities under cooling working conditions.%® In particular,



KMF-1 shows very high COP for both cooling (0.75) and heating (1.74), in
addition to low driving temperatures below 70°C, which enables its use for both
AHPs and ADCs applications. Aside from Al-based MOFs, the Co-based Co-
CUK-17% and Zr-based MIP-200% comprise two striking examples of MOFs that
demonstrate remarkable water sorption properties, including their high
efficiencies for both chiller and heat pump applications with low driving
temperatures. Additionally, Zr-adip, which is isostructural to MIP-200, exhibits
both a higher COP¢ (0.79) and COPH (1.75), positioning Zr-adip as a promising
candidate for both ADC and AHP applications.®’

For the realization of an efficient adsorption heat pump or chiller, coating MOFs
onto the heat exchanger can effectively increase mass transport of the
adsorbent and thermal transfer during the adsorption-desorption processes,
and thus enhance the efficiency that can be achieved in different conditions.
For example, Stock, Henninger, and coworkers fabricated a full-scale heat
exchanger coated with CAU-10-H for use in ADCs.8 The MOF-coated heat
exchanger yielded a good volumetric specific cooling power and a fast
adsorption speed under the working conditions of an adsorption driven chiller,
thus allowing for high cycling frequencies. Similarly, Serre and coworkers
directly coated MIL-100 (Fe) onto heat exchangers to achieve a high COP of

0.79, offering the potential for use in industrial application.?’
Autonomous Indoor humidity control

Indoor relative humidity is an important factor that determines indoor air quality,
the thermal comfort of occupants, and the overall building energy consumption.
The American Society of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE) suggests a relative humidity range between 40% to 65%
RH to create the most habitable indoor environment.® Ideal materials for the
autonomous regulation of indoor RH should meet the following criteria: S-
shaped water adsorption isotherms; adsorption and desorption branches within

the ASHRAE recommendations (i.e., 40% to 65%); high water vapor uptake



within the operating vapor pressure window; low regeneration temperatures;
highly reproducible cycling performance; high hygrothermal stability; non-
toxicity; and resistance to corrosion. Eddaoudi and coworkers reported a rare
earth cluster-based MOF, Y-shp-MOF-5,° which exhibits S-shaped water
sorption isotherms with hysteresis loops between the adsorption (63% RH) and
the desorption (37 %) branches, almost perfectly matching the suggested
relative humidity range of 40% to 65% RH for optimal autonomous indoor

humidity level control.

Although increasing the MOF pore size will lead to greater water uptake, larger
pores will also enable capillary condensation of water to occur (typically at pore
sizes greater than 20 A),*® which can lead to framework collapse under
multicycle water adsorption-desorption.?? In this regard, mesoporous MOFs
containing highly inert coordination bonds between high valent metal ions and
carboxylate linkers are promising candidate for such applications. For instance,
Wang and coworkers reported a mesoporous and stable V-MOF, BIT-66, which
shows reversible water sorption behavior in the humidity range of 45-60% RH
and excellent stability after many water adsorption-desorption cycles.” Recently,
this group presented a series of Al-carboxylate MOFs through ligand
functionalization.®? The resulting CAU-1-OH shows isotherm tunability in the
range of 40-60% RH and maintained a working capacity of 0.41 g g' after 500
adsorption-desorption cycles. Similarly, Su and coworkers also prepared UiO-
67-type single and mixed-linker MOFs by functionalized BPDC linkers carrying
hydrophobic (-CHs) and hydrophilic (-NH2, -OH, or -COOH) groups.??> Among
these materials, the mixed-linker UiO-67-4Me-NH2-38% shows adsorption and
desorption inflection points occur in the range suggested by ASHRAE. In
addition to these MOFs, high-valent chromium-based MOFs like Cr-soc-MOF-
1 and NU-1500-Cr also exhibit outstanding working capacities under various
indoor humidity levels and retain their work capacities after multiple adsorption

desorption cycles.



Desiccation of natural gas

Natural gases (e.g., methane) produced from hydrocarbon extraction
processes are stored in large sub-surface units, which are usually saturated
with water vapor. This moist gas can cause many problems, including pipeline
corrosion and blockage during transportation. The most common technique for
removing water from natural gas is through dehydration with triethylene glycol
(TEG). However, this strategy faces many disadvantages, such as the
requirement for high energy inputs to regenerate the adsorbent, as well as
contamination and degradation of the adsorbent. MOFs with a strong affinity for
water, especially those showing high water uptake capacities at low relative
humidity values, would be an attractive option for the desiccation of clean gas.
In this context, Eddaoudi and coworkers reported a fluorinated MOF, KAUST-8,
capable of acting as a desiccant material for natural gas dehydration.> KAUST-
8 is built from Ni-pyrazine square-grid layers and trigonal bipyramid (AlFs)%
inorganic building blocks, featuring a periodic array of open metal coordination
sites and fluorine moieties within the contracted square-shaped one-
dimensional channels. This MOF can selectively remove water vapor from
different gas streams, including from higher hydrocarbons like natural gas.
Notably, unlike conventional materials that need to be regenerated at
temperatures of up to 250 ‘C, KAUST-8 can be regenerated at the relatively

moderate temperature of 105 C.

CONCLUSIONS AND OUTLOOK

MOFs have emerged as a very promising sorbent class for water adsorption-
related applications, and researchers have made significant progress in
understanding the relationship between MOFs and water. In this work, we
highlighted how lerveraging reticular chemistry would greatly accelerate the
exploration and discovery new high-performance materials. Moreover,
isoreticular synthesis approaches are used to precisely tune water adsorption

properties to render them suitable for desired applications, ranging from MOF



water harvesters and MOF-based heat pumps to cooling devices and humidity
pumps. To date, several MOF-based devices have been designed and are
successfully operating in actual production. Despite this exciting progress,
significant opportunities in terms of chemistry and material science, process
engineering, and commercialization aspects remain as this emerging field

continues to rapidly expand.

New MOFs with high water capture performance can be design and
synthesized based on reticular chemistry. In this regard, high-throughput (HT)
screening, including high-throughput synthesis and characterization, high
throughput adsorption screening, and computation screening, provide an
enabling tool to accelerate the discovery of new MOF materials and optimize
synthetic procedures.'”:838 Moreover, HT methods are closely connected with
the concepts of automation, parallelization, and miniaturization, which can
further improve the efficiency of MOF discovery and development. Further
enhancing water adsorption performance might require highly charged, high-
valent metals (e.g., Al(lll), Cr(l1), Ti(IV), Zr(1V), Hf(IV)) and the incorporation of
moieties with higher affinities to water. In addition, it is very important to choose
suitable MOFs for targeted applications. For example, for potable water
production, researchers would likely select low toxicity Al-based units as their
primary choice when selecting building blocks. For moisture control
applications, the high porosity and excellent stability of Cr-based MOFs makes
them great choices in these settings. In addition, compared to the most reported
rigid MOFs that exhibit S-shaped isotherms due to their pore-filling mechanism,
structurally flexible MOFs can also exhibit S-shaped isotherms when stimuli
from adsorption of water vapor trigger a switch from the closed phase to the
open phase.® Moreover, in some studies, flexible MOFs exhibited stability over
many water adsorption and desorption cycles and fast sorption kinetics that are
comparable to those of rigid adsorbents such as MOF-303, Al-fumarate, and

CAU-10-H.8 Thus, researchers can further design and tune flexible MOFs with



optimal kinetics and thermodynamics and explore them as smart materials for

water adsorption.

Fast kinetics of water adsorption-desorption in MOFs becomes of primary
importance to enable their industrial utility and efficient processing. However,
powdered MOFs obtained from conventional syntheses cannot be directly used
in practical applications because the accumulative effect of large amounts of
powder will increase the size of the adsorption layer, meaning the entire device
must be in larger size to accommodate these adsorption materials. Moreover,
thermal conduction in powders is very low, which is detrimental to the heat-
driven desorption process.8” To overcome these drawbacks, densification or
shaping of MOFs into thin layers, pellets, or various monoliths can increase the
contact between adsorbent particles, which is beneficial to heat transfer in the
water desorption process.®® However, when a certain amount of adsorbent
powder is pressed into a regular shaped block, MOF particles stack up to afford
a thick and compact adsorption layer, hindering both the vapor diffusion rate
and mass transfer rate. Therefore, to balance heat transfer and mass transfer,
shaping technique need to be improved. In one alternative strategy, directly
coating MOFs onto the heat exchangers can maximize the amount of
adsorption for fast and efficient heat and mass transfer, providing a route to
achieve fast adsorption-desorption cycling in large-scale process
engineering.8'8° Freeze-drying methods that form porous foams and sponge-
like structures, as well as and emerging 3D printing technologies, are also a

scalable way to convert MOFs into condensable feedstocks.

For the successful commercialization of MOFs, researchers must consider
factors beyond MOF performance, such as economic and environmental
considerations. In terms of economic feasibility, MOFs must be able to be
synthesized at low costs and high yields. The development of scaled up
synthetic routes will greatly reduce costs and make MOFs competitive with

other benchmark materials.®® Specifically, continuous-flow production



techniques, including electrochemical synthesis, microwave synthesis, and
mechanochemical methods, can be implemented in industrial-scale batch
synthesis routes.’’ Some startup companies, such as BASF, Framergy,
novoMOF, and NuMat, have already begun commercializing MOFs by
employing large-scale syntheses with cost-saving solvent recycling systems.
Additionally, Water Harvesting Inc. (WaHa), founded in 2018, is devoted to
exploiting promising MOF-based adsorbent materials to efficiently collect pure
water from atmospheric vapor. In addition, researchers must also ensure that
these scaled up synthetic routes are as “green,” or environmentally benign, as
possible. The commercial production of MOFs must be safer and less polluting
than conventional synthesis methods. Therefore, slurry synthesis water-based
synthetic approaches have become particularly important to effectively avoid
the use of highly toxic and flammable solvents.®? Finally, techno-economic
analyses should be conducted to evaluate the entire route of production,
including the selection of ligands and metal salts. These analyses should then
be fed back to the researchers for further improvements to their synthetic

approaches from both an economic and environmental perspective.
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